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Glycosylation is a prevalent post-translational modification playing significant 
roles in cellular interactions and changing with the onset of cancer.  Detailed glycan 
structural information is crucial to further understand disease and to find vaccine 
candidates.  Although several analytical techniques are used for glycan structural analysis, 
mass spectrometry occupies an important position due to its high sensitivity and 
selectivity.  Tandem mass spectrometry (MS/MS) cleaves chemical bonds and structural 
information is elucidated from unique molecular fragments and specific fragmentation 
pathways. 
In this dissertation, novel MS/MS approaches involving ion-electron and ion-ion 
reactions are presented for improved glycan structural characterization compared with 
conventional collision activated dissociation (CAD).  Divalent metal-assisted electron 
capture dissociation (ECD) and electron transfer dissociation (ETD) are directly 
compared.  Metal adduction increases charge to enable ECD/ETD which require multiply 
charged precursor ions and also influences fragmentation.  For magnesium adduction, 
extensive glycosidic and cross-ring cleavages, many unique to either ECD or ETD of 
underivatized glycans compared with CAD of the same precursor ions, or with ETD of 
permethylated glycans, are generated in both ECD and ETD.  However, the number of 
structurally informative fragments and fragmentation efficiency are both higher in ECD.  
This discrepancy between ECD and ETD, likely related to the different pressures during 
xviii 
 
these reactions, is even more significant for cobalt and calcium adduction.  Trivalent 
metals are also used for the first time in glycan structural analysis, producing higher 
charge states and inducing enhanced ECD/ETD fragmentation compared with divalent 
metal adduction.  Electron induced dissociation (EID), which is compatible with singly 
charged ions, is applied to both glycan cations and anions.  Positive and negative ion EID 
yield complementary fragmentation patterns for singly protonated or deprotonated 
glycans compared with CAD.  Reducing end derivatization with aromatic tags facilitates 
electronic excitation and improves EID fragmentation.  Fucose migration in derivatized 
glycans is significantly reduced in positive ion EID compared with CAD and completely 
avoided in negative ion EID and CAD.  Both metal-assisted ECD/ETD and aromatic 
tagging/negative ion EID are demonstrated to allow glycan isomer differentiation. 
The newly developed techniques can be used for structural characterization of, 










1.1.1 Biological Roles of Carbohydrates  
Glycosylation refers to the attachment of carbohydrates, or glycans, to proteins. It 
is one of the most ubiquitous forms of post-translational modification (PTM).
1-3
  
Carbohydrates are major components of the cell membrane and perform key functions in 
various biological processes such as protein folding, self/nonself recognition, metastasis, 
cell adhesion, receptor activation, signal transmission, molecular trafficking and 
clearance.
4
  In biological systems, glycans are typically conjugated to other biomolecules 
and presented in the form of glycoproteins, glycolipids, and glycosaminoglycans.  Glycan 
chains are often significantly changed with the onset of diseases such as cancer and 
inflammation in various ways, including increased glycan branching, increased or 
decreased levels of glycosylation, elevated levels of sialic acids, or altered sulfonation.
4-8
  
Although the underlying causes are not well understood, these disease-related alterations 
are thought to affect growth, adhesion, differentiation, transformation, progression, 
metastasis, and immune surveillance of cancer cells.
3, 9, 10
  Therefore, detailed and correct 
glycan structural information would facilitate improved understanding of their roles in 
cellular function and disease.  For example, glycosylation is being recognized as an 





Specifically, the work presented in this thesis is funded through a collaboration 
with Prof. Simeone’s group in the University of Michigan Medical School.  They have 
recently identified pancreatic cancer stem cells on the basis of three glycoprotein surface 
markers: CD44, CD24, and epithelial-specific antigen (ESA) using a xenograft model in 
which primary human pancreatic tumors were grown in immunocompromised mice (see 
Figure 1.1).
13
  The CD44+CD24+ESA+ subpopulation (0.2-0.8% of pancreatic cancer 
cells) showed 100-fold increased tumorigenic potential compared to “non-stem” cancer 
cells and also displayed stem cell properties such as self-renewal and differentiation.  An 
improved understanding of the nature of these cancer stem cells, including structural 
information of related glycans, may not only improve the understanding of the disease 
but may also provide a means for cancer early detection, or identification of cancer 
vaccine candidates.   
 
Figure 1.1 Identification of pancreatic cancer stem cells.
13





1.1.2 Glycan Structural Complexities 
Glycans are more diverse in terms of chemical structure and information density 
than are DNA and proteins.  Variable composition, linkage, branching, and anomericity 
of the constituent monosaccharides in combination with the general structural 
heterogeneity due to the indirect, non-template based biosynthesis constitute the basis of 
the structural complexity of glycans.  In addition, glycans are typically conjugated to 
other biomolecules such as proteins.  All these challenges make carbohydrates the least 
explored among three major classes of biomolecules (carbohydrates, proteins and nucleic 
acids).   
Symbolic representation of monosaccharides is well established in 
Glycobiology.
14
 Figure 1.2 displays some examples of the most common 










Protein glycosylation in biological systems includes N-linked glycans, O-linked 
glycans, and the glycosaminoglycan (GAG) family of polysaccharides (see Figure 1.3).  
In N-linked glycans (see Figure 1.4 (a)), carbohydrate chains are covalently attached to 
proteins at asparagine (Asn) residues via a GlcNAc (or in much more rare cases via 
GalNAc such as in Archaea
14
) saccharide in the consensus protein sequence Asn-X-
Ser/Thr (X may be any amino acid residue other than proline).  Three general types of N-
glycans in mature glycoproteins are oligomannose, complex, and hybrid types, as shown 
in Figure 1.3.  Five different N-glycan linkages have been reported, of which N-
acetylglucosamine to asparagine (GlcNAcβ1-Asn) is the most common.
14
  All N-glycans 
share a common core sugar sequence, Manα1–6(Manα1–3)Manβ1–4GlcNAcβ1–
4GlcNAcβ1 with the terminal GlcNAc linked to the consensus protein sequence Asn-X-
Ser/Thr.  N-glycans can be classified into three types: (1) High mannose, in which only 
mannose residues are attached to the core; (2) complex, in which “antennae” initiated by 
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N-acetylglucosaminyltransferases (GlcNAcTs) are attached to the core; and (3) hybrid, in 
which only mannose residues are attached to the Manα1–6 arm of the core and one or 
two antennae are on the Manα1–3 arm.
14
 
O-glycosylation is the other common covalent attachment of carbohydrates to 
proteins.  Different from N-glycosylation, O-glycosylation occurs on serine and threonine 
residues of mammalian glycoproteins (see Figure 1.4 (b)).  In mucins, O-glycans are 
covalently α-linked via an GalNAc moiety to the -OH of serine or threonine via an O-
glycosidic bond and the corresponding structures are thus named mucin O-glycans or O-
GalNAc glycans.  There are also several types of nonmucin O-glycans, including α-
linked O-fucose, β-linked O-xylose, α-linked O-mannose, β-linked O-GlcNAc, α- or β-
linked O-galactose, and α- or β-linked O-glucose glycans.
14
  O-linked glycans have 
highly diverse sizes but are typically smaller and less branched than most N-glycans.  It is 
more challenging to characterize O-linked glycans because, in contrast to N-linked 
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Figure 1.4 Representations of typical structures of N-linked and O-linked glycosylation.  
(a) N-linked;  (b) O-linked. 
 
Glycosaminoglycans (GAGs) are long and linear polysaccharides consisting of a 
repeating disaccharide unit.  Their high heterogeneity, high molecular weight, variation in 
disaccharide composition and linkage, and degrees of sulfonation makes characterization 
of these molecules highly challenging.
16, 17
 
1.1.3 Current Analytical Techniques for Glycan Structural Characterization 
The importance of glycosylation in biological events and the critical roles they 
play in the specific function and structure of glycoconjugates such as glycoproteins, have 
made Glycomics an area of growing interest.  However, due to the high structural 
complexity and branched nature of glycans, the advancement of Glycomics has faced 
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unique challenges in comparison with Genomics and Proteomics and pursuit of suitable 
analytical tools for obtaining detailed glycan structures, and for learning about glycan 
structure-function relationships, is ongoing.  Current available analytical methods for 











  Mass 
spectrometry (MS) is more sensitive than NMR spectroscopy and X-ray crystallography 
and more selective than chromatography,
24, 25
 and therefore plays an increasingly 
important role in glycan structural characterization. 
 Structural Characterization of Glycans by Mass Spectrometry 1.2
1.2.1 Introduction to Mass Spectrometry and Tandem Mass Spectrometry 
(MS/MS)  
Mass spectrometers measure mass-to-charge (m/z) ratios of charged analytes 
(ions).  A mass spectrometer consists of at least three components: an ion source, which 
converts neutral molecules to ions, a mass analyzer, which separates ions based on their 
m/z ratio, and an ion detector, which detects and outputs the signals of the separated ions.  
In the early years of the technique, the use of MS was limited to small and/or volatile 
molecules.  More recent and ongoing improvements in ionization are due to increasing 
demands for biopolymer analysis. 
MS alone, employing modern “soft” ionization, only provides molecular weight 
of analyte ions.  In order to elucidate structure, tandem mass spectrometry (MS/MS) is 
needed.  MS/MS involves multiple stages of MS in which a particular ion is selected at a 
specific m/z ratio, activated and dissociated into fragments under different conditions 
(e.g., multiple collisions with inert gas molecules, electron irradiation, interaction with 
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photons).  Valuable structural information is generated through specific bond cleavages 
and unique fragmentation pathways.  
For glycan structural characterization, carbohydrate MS/MS nomenclature is well 
established.  As displayed in Figure 1.5, carbohydrate fragments include glycosidic 
cleavages (B, C, Y, and Z ions) and cross-ring cleavages (A and X ions).  Glycosidic 
cleavages can provide information about sequence and composition, and some 
information about branching and linkage.  In order to obtain more detailed structural 
information, A- and X-type cross-ring cleavages are highly needed.  However, the most 
widely used MS/MS technique, collision activated dissociation (CAD), typically yields 
mainly glycosidic cleavages and very few cross-ring cleavages.
26-30
  One aim of this 
dissertation is to develop and systematically study alternative MS/MS activation methods 
and compare them with CAD, including gas-phase ion-electron and ion-ion reactions for 
more detailed structural characterization of glycans. 
10 
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1.2.2 MS Ionization Methods 
MS ionization methods for biomolecules include fast atom bombardment (FAB), 
matrix-assisted laser desorption/ionization (MALDI), and electrospray ionization (ESI).   
In FAB, the analyte is protected by a liquid matrix and impacted by a high energy 
(typically a few keV) atomic beam.  The kinetic energy is absorbed by the matrix and the 
non-volatile analyte is ionized by energy transfer from the matrix.  Compared with 
MALDI and ESI, FAB is much more energetic and less sensitive and thus is now used 
very infrequently for glycan analysis.
32
   
At present, MALDI is the most widely used ionization method for MS analysis of 
glycans.  MALDI involves two steps.  The first step is absorption of UV laser light and 
11 
 
generation of a hot plume.  The second step is ionization of analyte molecules in the hot 
plume.  Although the mechanism of MALDI is still under debate, it has been well 
demonstrated that a good choice of matrix aids the generation of abundant MS signals for 
carbohydrates.
33
  Advantages of MALDI include convenience, high sensitivity, and 
tolerance to buffers and detergents.  Although a large number of matrices have been 
investigated, only a few have general acceptance, such as 2,5-dihydroxybenzoic acid 
(2,5-DHB), 2',4',6'-trihydroxyacetophenone monohydrate (THAP), arabinosazone, and 
2,5-DHB combined with either 1-hydroxyisoquinoline (1-HIQ) or 2-hydroxy-5-
methoxybenzoic acid.
33
  Furthermore, to allow generation of intact sialylated and 
sulfonated glycan ions, specific matrix and additives are needed to avoid loss of these 
labile substituents.
25
  Sialic acid stabilization is an important problem and can be solved 
by chemical derivatization, such as permethylation.
25
  However, this approach is 
challenging for low sample amounts (such as cell subpopulations, e.g., cancer stem cells) 
due to incomplete reactions, side reactions, and losses in the derivatization and the 
following clean-up process.  Although improved characterization of sialylated glycans 
can be achieved by lectin affinity chromatography prior to MS detection, these lectins 
only select specific carbohydrate linkage types and are therefore not compatible with 
general analysis.
15, 34
   
On the other hand, ESI is a softer ionization method in which sample solution is 
sprayed through a needle supplied with an appropriate electric potential (3-6 kV) and 
singly or multiply charged gas-phase ions are produced (see Figure 1.6).  In addition, 
because of its liquid-based nature, ESI is much more compatible with on-line liquid 
chromatography than MALDI.  ESI was first successfully introduced as a mass 
12 
 
spectrometric ionization technique by Yamashita and Fenn in 1984
35, 36
 and by 
Alexandrov et al in 1985
37, 38
.  In a typical ESI experiment, the liquid containing the 
analytes of interest is dispersed by electrospray and formed into an aerosol.  Ion 
formation involves solvent evaporation and thus electrospray solutions typically contain 
volatile organic solvents.  Assisted nebulization by an inert gas such as nitrogen is often 
added for a wider flow rate allowance. The aerosol is directed into the first vacuum stage 
of a mass spectrometer, typically through a capillary.  The capillary is often heated to 
further aid solvent evaporation.  As droplets evaporate and decrease in size, the electric 
charge density on the surface increases.  The mutual repulsion between charges on the 
surface becomes strong enough to exceed the forces of surface tension (known as the 
“Rayleigh limit”).  After reaching the Rayleigh limit, droplets divide into smaller droplets 
(i.e., “Coulomb fission”).  The smaller droplets continue to undergo evaporation and 
Coulomb fission, creating many even smaller, more stable droplets.  Regarding the final 
production of gas-phase ions, there are currently two major theories; the ion evaporation 
model (IEM)
39, 40
 and the charge residue model (CRM).
41
  IEM suggests the mechanism 
as field desorption of ions from the droplets when they have reached the right size, 
whereas in CRM electrospray droplets continue the evaporation and fissions cycles until 
progeny droplets containing one or less analyte ions are generated.  In CRM, gas-phase 
ions form following evaporation of the remaining solvent molecules from these ultimate 
droplets.  Experimental observations suggest IEM for small ions
40, 42
 and CRM for large 
ions.
43
  Large molecules with several ionizable (i.e., basic or acidic) sites typically carry a 
great number of charges after ESI.  ESI can also be used to ionize molecules without 
acid/base properties through the formation of sodium, ammonium, chloride, acetate or 
13 
 
other charged adducts.  Because ESI produces multiply charged ions it allows detection 
of large molecules with conventional mass spectrometers, such as quadrupoles, and also 
is compatible with a wide variety of MS/MS techniques. 
 
Figure 1.6 Mechanism of ESI (positive ion mode as an example) in MS.   
 
1.2.3 Mass Analyzers 
1.2.3.1 General Overview of Different Types of Mass Analyzers 
Once ionized, the gas-phase charged analytes need to be separated according to 
their m/z ratios.  Different types of mass analyzers separate and measure m/z ratios based 
on different principles (see Table 1.1).  For example, the quadrupole, a common mass 
analyzer, is constructed out of four rods of circular or hyperbolic cross section and 
separates ions based on the stability of their trajectories in oscillating electric fields (see 
Figure 1.7).  Potentials are adjusted so that only ions with a particular m/z ratio will be 
able to pass between the rods.    
14 
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Figure 1.7 Principle of a quadrupole mass analyzer.  The applied voltages affect the 
trajectory of ions traveling down the flight path centered between the four rods.  For 
given DC and AC voltages, only ions of a certain mass-to-charge ratio pass through the 
quadrupole filter and all other ions are ejected radially. 
 
 
Type of analyzer Symbol Principle of separation




Time-of-flight TOF velocity (flight time)
Fourier transform ion cyclotron resonance FT-ICR resonance frequency
Fourier transform orbitrap FT-OT resonance frequency
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1.2.3.2 Fourier Transform Ion Cyclotron Resonance (FT-ICR) Mass Spectrometry 
1.2.3.2.1 General Principles of FT-ICR MS 
The FT-ICR mass analyzer is powerful based on its ultrahigh mass accuracy, 
ultrahigh resolution, and a wide capability of performing various MS/MS dissociation 
techniques.
45
  FT-ICR MS was invented by Melvin B. Comisarow and Alan G. Marshall 
and described for the first time in 1974.
46
  A typical FT-ICR mass analyzer has two major 
components with the first being a superconducting magnet.  Higher performance is 
obtained with higher-field magnets.  Current commercial instruments provide magnets 
ranging from 4.7 to 15 T but the Pacific Northwest National Laboratory (PNNL) and the 
National High Magnetic Field Laboratory (NHMFL) are currently constructing 21 T FT-
ICR MS instruments.  The second major component is an ICR cell (see Figure 1.8) in 
which ions are analyzed and detected.  Typically, an ICR cell contains two trapping 
plates, two excitation plates, and two detection plates as illustrated in Figure 1.8.  The 
two trapping plates are perpendicular to the magnetic field whereas the two excitation 
plates and the two detector plates are parallel to the direction of the magnetic field.  
Incoming ions are trapped radially by the magnetic field and axially by trapping voltages 
on the two trapping plates.  In the xy plane (perpendicular to the magnet field), ions rotate 
around the z axis in a cyclotron motion at a specific frequency dependent on their m/z 
ratio and the strength of the fixed magnetic field because of the balance between the 
Lorentz Force and the centripetal force due to the ions’ cyclotron motion (following the 
cyclotron equation shown in Figure 1.8).  At the same time, ions oscillate along the z axis 
between the electrostatic trapping plates. 
16 
 
Exposure to an alternating current voltage (applied to the excitation plates) with 
the same frequency as the ion cyclotron frequency allows resonance absorption.  Ions 
thus increase their kinetic energy, resulting in an increased radius of their cyclotron 
motion.  Image current is induced in the detection plates by the coherent circulation of 
ions close to the cell wall.  Such a time-domain signal is converted to the frequency 
domain through Fourier transformation and then further converted into an m/z spectrum 
following the cyclotron equation. 
Maintaining phase coherence during detection of ions is critical in FT-ICR mass 
analysis.  If ions of a given m/z ratio are located randomly on the ICR orbit, their image 
currents will cancel each other out.  Therefore, upon arrival in the ICR cell, ions should 
be well focused and excitation should occur in a very short time (typically microseconds). 
As for any time-domain technique, the longer the observation time, the higher the 
resolution.  The observation time in an ICR is related to the disappearance of the detected 
signal, which mainly results from ion-molecule collisions and ion dephasing.  In order to 
achieve high resolution, collisions should be prevented to the highest possible extent and 
thus ultrahigh vacuum is required (usually <10
-9












Figure 1.8 Schematic illustration of Fourier transform ion cyclotron resonance mass 
spectrometry (FT-ICR MS).  Figure modified from 
http://www.chm.bris.ac.uk/ms/theory/fticr-massspec.html).  In the equation,  is the 
angular cyclotron frequency (related to frequency (f) in Hz via f = /2π), z = ion charge, 
e = the numerical value of the charge of a body (or space) in atomic units, B = magnetic 
field strength and m = ion mass.  
 
Each mass analyzer has advantages and disadvantages and, therefore, should be 
used based on specific requirements.  The FT-ICR mass spectrometer is able to provide 
ultrahigh mass accuracy, high mass resolution, and wide versatility of MS/MS 
techniques. These advantages are critical for glycan structural characterization and thus 





1.2.3.2.2 FT-ICR Instruments Used in This Thesis 
The work in this thesis was performed with two different 7 T ESI quadrupole-FT-
ICR mass spectrometers (Apex and SolariX, Bruker Daltonics, Billerica, MA).  
Schematics of both instruments are shown in Figure 1.9.  Dual ion funnels provide 
improved ion transmission efficiency and ion sensitivity.
47
  Ion transfer optics (on Apex) 
and the transfer hexapole (on SolariX) accelerate and focus the ions exiting the collision 
cell and thus overcome the magnetic mirror effect.
48
  The mass analyzer of either Apex or 
SolariX is an infinity cell, which has a cylindrical geometry.
49
  Hollow cathodes are 
located at the back of the instruments to enable ion-electron reactions.  SolariX is a more 
recent design than Apex, equipped with a longer entrance capillary and optimized ion 
optics (hexapole in SolariX vs. a series of lenses in Apex).  Therefore, SolariX provides 
more effective focusing and transmission than Apex.  SolariX also provides softer 













Figure 1.9 Two 7T ESI-Q-FT-ICR mass spectrometers used in this thesis.  (a) Apex;  (b) 
SolariX. 
 
1.2.4 Ion-Mobility-Mass Spectrometry (IMMS) 
Mass spectrometry can be coupled with ion mobility spectrometry (IMS), i.e., ion 
mobility-mass spectrometry (IMMS), to generate a powerful analytical tool for rapid 
separation (by IMS) and identification (by MS) of components in complex samples.  In 
IMS, ions travel through a drift tube in the presence of a static or time dependent electric 
field that pushes ions forward, while a carrier buffer gas that opposes the ion motion.  At 
the end of the drift tube is the mass spectrometer as a detector.  The migration time 
through the tube (the “drift time”) is based on an ion’s mass, charge, size, and shape, thus 
allowing differentiation of different structures with identical mass-to-charge ratios. 
20 
 
McDaniel is considered the father of IMS-MS.  Together with his co-workers he 
coupled an ion mobility drift cell to a sector mass spectrometer in the early 1960s.
50
  
However, since the demonstration of protein conformer separation by Clemmer et al in 
1995,
51
 applications and instrumental designs of IMMS have become one of the most 
rapidly growing areas of mass spectrometry.
52

















An IMMS instrument involves five basic processes, sample introduction, 
compound ionization, ion mobility separation, mass separation, and ion detection.  Gas 
and liquid samples can be easily introduced into IMMS and solid samples may be 
deposited on plates and then inserted into the instrument as well.  For liquid samples, ESI 
is a common ionization method.  Four types of ion mobility spectrometers have been 









  Various mass analyzers may be coupled to IMS, such as 
time-of-flight (TOF), quadrupole, ion-trap, ion-cyclotron, and sector mass 
spectrometers.
52
  TOF, in particular, is appropriate for IMMS because of its high 
accuracy and wide dynamic range. A schematic diagram of Synapt G2 HDMS (Waters, 





Figure 1.10 Synapt G2 HDMS (Waters, Milford MA, USA). 
 
1.2.5 Glycan Sample Preparation 
1.2.5.1 Enzymatic and Chemical Release of Glycans from Glycoproteins 
To release N-glycans from glycoproteins, an enzymatic release method using 
peptide-N-glycosidase F (PNGase F) or peptide-N-glycosidase A (PNGase A) is most 
widely applied.  PNGase F cleaves the amide bond between asparagine residues and 
glycan residues.  This enzyme is able to release most N-linked glycans, except those 
containing an 1→3 fucose linkage at the reducing end GlcNAc.
67
  In such situations, 
PNGase A should be used.  Another reported enzyme is endoglycosidase-H (Endo-H), 
which cleaves the glycosidic bond between the two GlcNAcs at the chitobiose core. 
68
 
Release of O-glycans is more challenging than that of N-glycans because there is 
currently no universal enzyme for releasing O-glycans.  Endo-O-glycosidase cleaves 
exclusively at serine/threonine-glycan bonds but is only active for core-1 type O-
glycans.
69
  Several options for chemical release of O-glycans have been reported such as 
reductive and non-reductive β-elimination and hydrazinolysis.
34, 70-73
  For such chemical 
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release, which employs high concentration of salts, a subsequent desalting procedure is 
critical to enable the following MS analysis. 
1.2.5.2 Glycan Derivatization Methods 
Various derivatization methods are used for MS-based glycan analysis (see Figure 
1.11).  Fluorescence tags are used for simultaneous UV detection in LC/MS and have 
also been shown to improve MS ionization yield due to the increased glycan 
hydrophobicity.
8
  Such tags are introduced via reaction of free amine groups on the tag 
with the glycan reducing end through reduction amination.  The reaction involves a 
Schiff base intermediate, which undergoes reduction to yield a stable linkage between the 
fluorophore and the oligosaccharide. 
In addition to reductive amination, permethylation is another widely used 
derivatization method prior to MS analysis.  Advantages of permethylation include an 
even higher increase in glycan hydrophobicity compared with fluorescent tagging (and 
therefore even higher increase in ionization), stabilization of labile groups such as sialic 
acids, as well as prevention of possible migration/rearrangement in carbohydrate 
MS/MS.
74, 75
  Traditionally, permethylation is performed with iodomethane and sodium 
hydroxide prepared in dimethyl sulfoxide (DMSO).
76
  More recently, Novotny and co-
workers reported a rapid and efficient solid-phase permethylation procedure involving 







Figure 1.11 Representative scheme of common derivatization methods for glycan 




1.2.6 Overview of Tandem Mass Spectrometry (MS/MS) for Glycan Analysis 
Once ionized, gas-phase fragmentation of glycans from tandem mass 
spectrometry can generate abundant structural information through specific bond 
cleavages and unique fragmentation pathways.  The use of MS/MS is driven by the need 
for structural analysis of glycans expressed in serum/plasma or tissue relevant to disease 
processes and biomarker discovery.
79
  Because glycoconjugates are expressed as a 
distribution of glycosylation variants relative to a core structure, a glycan composition 
indicated by mass is often a mixture of positional isomers.  Isomer separation prior to MS 
analysis is a possible approach, but often cannot be achieved due to the minor chemical 
differences of isomers.  Another possible option is to analyze the mixture of positional 
isomers directly by MS/MS. 
 Most glycan tandem mass spectra are produced by CAD,
26-30
 in which selected 
precursor ions are activated by collisions with inert gas in a collision cell.  Vibrational 
energy is increased and cleavages tend to occur at the weakest bonds.  Infrared 
multiphoton dissociation (IRMPD) is also used in this field because of its ability to 
24 
 
readily yield secondary fragmentation and higher fragmentation efficiency compared 
with CAD, and also because a collision gas is not required.
26, 80-83
  These two “slow 
heating” techniques generally result in predominant glycosidic bond cleavages (B, Y, C, 
and Z-type fragments in Figure. 1.2) for protonated glycans.
31, 84
  However, in order to 
gain more detailed structural information such as glycan branch positions and specific 
linkages, cross-ring cleavages (A and X-type fragments in Figure 1.2), which are 
typically of low abundance, are highly needed.  Two available strategies to increase 
cross-ring cleavages are high energy CAD (heCAD)
85-89
 at keV collision energies and 
metal ligation of oligosaccharides combined with CAD.
90, 91
  However, heCAD involves 
extensive ion scattering (causing signal loss) and generally produces complex spectra in 
which glycosidic cleavages can be much more prevalent than cross-ring cleavages.
92
  
Adamson and Hakansson have shown that electron capture dissociation (ECD, see 
Scheme 1.1) of metal-adducted oligosaccharides produces complementary fragmentation 
patterns compared with CAD and IRMPD of the same species, thus making ECD a 
potentially useful tool for glycan structural characterization.
93
  Other activation methods, 
including electron detachment dissociation (EDD),
94
 electron transfer dissociation 
(ETD),
95, 96
 and ultraviolet photodissociation (UVPD) at 157 nm (vacuum ultraviolet 
photodissociation (UVPD))
97, 98
 or 355 nm,
99
 have all been reported for structural 




CAD: Collision Activated Dissociation 
[M +/- nH/metal]m+/- + collision → [M +/- nH/metal]m+/-* → fragments
IRMPD: Infrared Multiphoton Dissociation
[M +/- H]+/- + nh→ [M +/- H]+/- * → fragments
Ion-Electron and Ion-Ion Reactions
ECD: Electron Capture Dissociation
[M + nH/metal]m+ + e-<1 eV → [M + nH/metal]
(m - 1)+• → fragments
ETD: Electron Transfer Dissociation
[M + nH/metal]m+ + A-• → [M + nH/metal](m - 1)+• + A → fragments 
EDD: Electron Detachment Dissociation
[M - nH]n- + e->10 eV → [M - nH]
(n - 1)-•* + 2e- → fragments
EID: Electron Induced Dissociation
[M +/- H]+/- + e->10 eV → [M +/- H]
+/- * + e- → fragments
UVPD: Vacuum Ultraviolet Photodissociation
[M + H]+ + h157 nm → [M + H]
+* → fragments  
Scheme 1.1 MS/MS techniques utilized for glycan structural analysis. 
 
1.2.6.1 Vibrational Excitation Reactions 
1.2.6.1.1 Collision Activated Dissociation (CAD) 
Cross-ring cleavages are not abundant in low energy CAD, because higher energy 
is required to break two chemical bonds.  Low energy CAD (1-100 eV) involves multiple 
collisions between the precursor ions and inert gas molecules.  Such activation favors 
breakage of weaker bonds and results in loss of labile groups.  The glycosidic cleavages 
dominating in CAD are useful for identifying glycan composition and sequence.
100
  
Negative ion mode CAD typically generates more cross-ring cleavages than positive ion 
mode CAD.
101, 102
  Positive ion heCAD at keV collision energies, on the other hand, 




A-type ions in both positive 
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and negative ion mode.
89, 103-105
 However, heCAD is not widely used due to its limited 
compatibility with modern mass spectrometry instruments.  Currently, heCAD is only 
practical in MALDI TOF instruments.
8
  
1.2.6.1.2 Infrared Multiphoton Dissociation (IRMPD) 
Another vibrational excitation reaction is infrared multiphoton dissociation, which 
involves absorption of multiple infrared photons by the precursor ions.  The precursor 
ions thus become excited into more energetic vibrational states until a bond(s) is cleaved, 
resulting in gas-phase fragments.  IRMPD is most often used in FT-ICR mass 
spectrometry but
106, 107
 is also compatible with ion trap instruments.  The typical set-up 
for IRMPD includes a 10.6 m CO2 laser with a power of 25-50 W, positioned behind 
the ICR cell.  IRMPD can also be performed with tunable lasers. 
1.2.6.2 Ion-Electron and Ion-Ion Reactions 
1.2.6.2.1 Electron Capture Dissociation (ECD) 
ECD is traditionally a positive ion mode MS/MS technique (with the recent 
invention of negative ion ECD (niECD) being an exception
108
) applied to multiply 
charged cations.  ECD involves interaction between precursor ions and a beam of low 
energy electrons generated from a cathode.  Such low energy electrons (typically <1 eV) 
are required to promote electron capture.  Following electron capture by precursor ions, 
the 5-7 eV recombination energy assists radical driven dissociation.  ECD is much faster 
(assumed to occur within 10
-14
 s) than CAD or IRMPD.  The charge state of product ions 
is at least one less than that of precursor ions.  ECD is complementary to CAD/IRMPD 
due to its distinctive dissociation mechanism. Although the mechanism is still under 
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debate, this technique provides valuable features such as unique backbone cleavages and 
retention of post-translational modifications in analysis of peptides/proteins.
109
   
The utility of ECD has been widely documented for, e.g., peptide and protein 
analysis,
81, 110-112
 but it has not been widely applied to carbohydrate analysis.  Zubarev 
and colleagues reported the first application of ECD to carbohydrate analysis in 2003.
113
  
However, no cross-ring cleavages were observed in their experiments, and their report 
was limited to aminoglycans due to the requirement of multiply-charged precursor ions.  
Hakansson and other groups have demonstrated the utility of divalent metal ions as 
charge carriers in ECD for analysis of peptides,
114-116
 and O-sulfonated peptides without 
basic amino acid residues.
117
  Adamson and Hakansson applied this strategy to both 
linear and branched oligosaccharides in ECD by use of Ca (II), Ba (II), Mg (II), Mn (II), 
Co (II), and Zn (II) as charge carriers,
93
 showing that ECD provides complementary bond 
cleavages compared with IRMPD, including greatly enhanced cross-ring fragments.  
Although the presence of some metal ions, such as sodium and potassium, is well known 
for the possibility of reducing ESI sensitivity, carefully controlled metal concentrations 
can be beneficial.
118, 119
  The same group also successfully applied ECD to sulfonated 
oligosaccharides
120
 and sulfonated N-glycans released from standard glycoprotein
121
 by 
using divalent metal adduction. 
1.2.6.2.2 Electron Transfer Dissociation (ETD) 
ETD has emerged as another MS/MS technique complementary to CAD and 
IRMPD
122, 123
 and was recently shown to have promise for structural characterization of 
glycans.  Similar to ECD, ETD induces fragmentation of multiply charged cations by 
electron transfer to precursor ions.  However, in ETD, the electron is delivered by anions 
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with low electron affinities, instead of originating as free near-thermal electrons in ECD.  
The latter strategy remains a technical challenge for mass spectrometers involving 
alternating currents due to rapid radio frequency heating of electrons.  Although ETD was 
invented as an analog of ECD (to expand instrument compatibility), studies have already 
suggested differences between ECD and ETD: in spite of similarities in many respects, 
the two approaches may not lead to identical products.
96
  ETD has been reported for 
structural characterization of glycopeptides, providing complementary structural 
information to CAD.
84, 96, 124
  The McLuckey group elucidated both glycan structure and 
peptide sequence for an N-glycosylated peptide by combining CAD and ETD: CAD 
yields almost exclusively cleavages at glycosidic bonds and ETD yields cleavages of the 
peptide backbone with no loss of the glycan structure.
96
  More recently, the Costello 
group investigated ETD fragmentation of permethylated glycans, demonstrating that ETD 
can be a valuable complementary MS/MS technique compared with CAD.
125
 
1.2.6.2.3 Electron Induced Dissociation (EID) 
EID involves irradiation of singly charged cations or anions with >10 eV 
electrons to generate vibrational and electronic excitation without ionization (which 
would form neutrals for anions).
113, 126
  EID has been shown to generate complementary 
fragmentation patterns compared with CAD for, e.g., metabolite anions.
126
 
1.2.6.2.4 Electron Detachment Dissociation (EDD) 
EDD involves electron irradiation of multiply charged anions to yield electron 
ejection from precursor ions, and subsequent dissociation.  Although EDD typically has 
lower fragmentation efficiency than ECD/ETD, unique structural information  is 
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  Anion attachment
130
 and fluorescent tags
131
 
affect EDD fragmentation. 
1.2.6.3 Ion-Photon Reactions 
1.2.6.3.1 Vacuum Ultraviolet Photodissociation (UVPD) 
The Reilly group first implemented 157 nm UVPD for fragmentation of singly 
charged peptide ions.
132, 133
  Since then, UVPD has been extended to the analysis of 
glycan cations and glycopeptides, providing valuable structural information.
97-99, 134
  This 
relatively new dissociation method potentially can become a powerful tool for glycan 
structural analysis.  For implementation on FT-ICR instruments, an ultrahigh vacuum 
compatible UV transparent window, such as a CaF2 window, is required for 
transmission of 157 nm photons.  For peptides, research has already shown that both 
photodissociation wavelength and mass analyzer can have an effect.
135
  Compared with 
peptides, glycans are particularly challenging due to difficulties with ionization and more 
complex structures.  The application of UVPD for glycan structural characterization has 
recently emerged.  Devakumar et al applied different MS/MS techniques to Girard’s T-
derivatized carbohydrates and observed unique fragmentation patterns in 157 nm 
UVPD.  The tag provided a fixed charge and thus improved ion signal.
97
  The same 
group further extended 157 nm UVPD to N-glycans in 2008.
134
  Other work applying 







1.2.6.4 Remaining Challenges in MS-Based Glycan Structural Characterization 
In spite of all the diverse MS/MS activation methods discussed above, challenges 
still remain in the area of mass spectrometry-based structural characterization of glycans.  
Migration/rearrangement of monosaccharide residues has been reported in CAD MS/MS 
of glycans, thus yielding false structural information.
137-141
  ECD and ETD have only 
been applied towards certain glycans or glycoconjugates due to the requirement for 
higher precursor ion charge states.  Some potentially useful techniques had not previously 
been used in glycan analysis (e.g., EID).  Furthermore, limitations still exist among 
dissociation methods that have been applied to glycans.  For example, desirable cross-
ring cleavages are elusive with most MS/MS techniques and low fragmentation 
efficiency can pose a problem.  Considering the complex structures of glycans and the 
high sensitivity requirement, mass spectrometric structural analysis of small sample sizes, 
such as cancer stem cell glycans, is expected to be particularly challenging. 
 Dissertation Overview 1.3
The most widely used MS/MS technique for carbohydrate analysis, CAD, is not 
sufficient for detailed structural characterization due to lack of cross-ring cleavages.  
ECD and ETD can be alternative MS/MS techniques but both techniques require multiply 
charged precursor ions.  Metal adduction can be an effective means to increase charge 
states. Metal-assisted ECD and ETD are directly compared for the first time in Chapter 2.  
This work is being submitted to Analytical Chemistry. 
In Chapter 3, triply charged metal-glycan complexes are generated via ESI for the 
first time by using specific trivalent metal salts.  Human milk oligosaccharides, an N-
glycan, and glycan isomers are investigated in this Chapter.  Ion mobility mass 
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spectrometry experiments are also conducted to examine the effect of glycan-metal 
complex gas-phase structures on ECD/ETD outcome.    
In many cases, the most abundant ions observed for glycans in MS are singly 
charged.  Therefore, MS/MS techniques that are compatible with singly charged 
precursor ions are of major interest.  In Chapter 4, positive ion mode EID is applied 
towards singly protonated glycans for structural characterization.  Three aromatic 
reducing end tags, including 9-aminofluorene (9FL), 2-amino benzamide (2AB), and 2-
anthranilic acid (2AA), are used for glycan derivatization, in order to study the EID 
mechanism.  This work has been accepted for publication in the Journal of the American 
Society for Mass Spectrometry. 
Many cancer related glycans contain sialic acids, which ionize more easily in 
negative ion mode.
142, 143
  In addition, negative ion mode MS/MS has advantages such as 
lack of structural rearrangement and more cross-ring cleavages.  Chapter 5 explores 
negative ion EID for glycan structural analysis.  The overall conclusions from all projects 
in this dissertation are summarized in Chapter 6.  Chapters 2-5 are all written in 
manuscript format.   
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 Electron Capture Dissociation vs. Electron Transfer  Chapter 2





Glycans modulate and mediate a variety of cell-cell and cell-molecule 
interactions.  More than 50% of proteins in mammalian cells are glycosylated and glycan 
structures change with the onset of diseases such as cancer.
1-6
  Correct and detailed 
structural information for disease-associated glycans is strongly desired for improved 
understanding of the molecular mechanisms of disease, and for identification of drug 
candidates, including cancer vaccines.
7-10
  However, such structural characterization is 
highly challenging due to the complex and branched nature of glycans, arising from their 
synthesis by a variety of glycosyltransferases in a non-template driven manner.  
Complete structural characterization of glycans includes not only the nature and order of 
constituent monosaccharides and position of glycosidic linkages, but also the degree of 
branching and stereochemistry.  In addition, glycan isomers with identical composition 
but, e.g., different linkages are present in biological systems.
11, 12
  Glycans with minor 
structural differences can dramatically alter biological function.
1
  For example, maltose 
(Glcα4Glc) and gentiobiose (Glcβ6Glc) have very different three-dimensional structures 
and biological activities.
1
  As another example, Reinhold and co-workers recently 
reported cell-line specific presences of multiple structural isomers of the composition 
Hex6HexNAc3Fuc1 (at m/z 1121.1 (2+)) released from tumor cells.
13
  Various 
45 
 
modifications, such as sulfonation, phosphorylation, and acylation, are associated with 
glycans.  In addition, glycans are typically conjugated to other biomolecules (e.g., 
proteins).  All of these complexities contribute to the higher difficulty in characterizing 
glycans compared with other linear biomolecules.
1,14
 
Current available glycan structural characterization methods include NMR 
spectroscopy, X-ray crystallography, chromatography, and mass spectrometry (MS).  
NMR is a powerful tool for determination of anomeric configuration, linkage and 
sequence.  It is also a powerful tool for identifying isomers.  However, NMR requires a 
large amount of pure sample, typically 1 mg or more.  Further, tedious data interpretation 
poses a challenge to the unique assignment of protons and carbon atoms.
15-19
  X-ray 
crystallography can generate detailed 3D structures of glycans but, in addition to a large 
amount of pure sample, X-ray crystallography requires the formation of crystals.
20-23
  
Chromatography is well-known for its superior reproducibility and sensitivity 
(particularly by use of fluorescence detection), but this method requires standards and, 
accordingly, it is difficult to identify unknown and new structures.
24
  Mass spectrometry 
does not require large amounts of pure sample, nor does it require formation of crystals.  
Instead, mass spectrometry has advantages such as high sensitivity and high selectivity.  
Because of these advantages, MS is a highly useful analytical tool in glycan structural 
analysis.
25-28
  Fourier transform ion cyclotron resonance (FT-ICR) MS is particularly 
powerful based on its ultrahigh mass accuracy, ultrahigh resolution, and wide capability 
of performing various tandem mass spectrometry (MS/MS) techniques.  
MS/MS involves mass selection, ion activation, and mass separation of resulting 
molecular ion fragments.  Structure is elucidated through these unique fragments and 
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specific dissociation pathways.  In carbohydrate MS/MS, bond cleavage occurs either 
between two monosaccharides (defined as “glycosidic cleavages”), or within one 
monosaccharide (defined as “cross-ring cleavages”).
29
  Glycosidic cleavages are useful 
for identifying constituent monosaccharides, but are not useful for identifying linkage and 
branching.  By contrast, cross-ring cleavages can provide information about linkage and 
branching and are thus highly needed for detailed structural characterization of glycans.  
However, cross-ring cleavages are typically less prevalent because higher energy is 
required to cleave two covalent bonds.  Conventional MS/MS activation techniques, such 
as positive ion mode collision activated dissociation (CAD), are very successful for 
producing glycosidic B- and Y-type cleavages.
30-33
  In order to generate more cross-ring 
cleavages for improved structural detail of glycan cations, alternative MS/MS activation 
techniques have been developed, such as electron capture dissociation (ECD)
34, 35
  and 
electron transfer dissociation (ETD).
36
  
In ECD, multiply charged (≥ 2) precursor cations capture low energy (usually <1 
eV) electrons to generate charge-reduced species and several fragments from radical-
driven processes.
37
  One limitation of ECD is that this ion-electron dissociation method 
requires a magnetic field to confine low energy electrons.  In order to extend the utility of 
ECD, the ion-ion analog ETD was introduced.  ETD was first demonstrated in a linear 
radio-frequency quadruple ion trap,
38
 and later implemented on other mass spectrometers 
such as orbitrap and FT-ICR instruments.
39, 40
  ECD and ETD are widely applied to 
proteins and peptides for structural determination.  These activation techniques are 
particularly powerful for characterization of post-translational modifications (PTMs), 






ECD and ETD have relatively recently been applied towards glycan structural 
characterization.
31, 34-36, 46-48
  ECD was first applied to aminoglycans because such 
glycans can readily form multiply charged cations.
48
  However, the requirement of 
multiply charged precursor ions can limit the applicability of ECD/ETD towards glycans, 
because they do not generally contain basic sites.  
Metal adduction can be an effective approach to increase glycan charge states and 
has also been shown to stabilize labile groups.
34, 49
   Our group demonstrated that ECD of 
oligosaccharides adducted with alkali, alkaline earth, and transition metals generates 
complementary structural information compared with slow-heating techniques such as 
CAD and infrared multiphoton dissociation (IRMPD).  We also showed that calcium 
adduction allows structural characterization of highly acidic sulfonated 
oligosaccharides.
49, 50
  Recently, magnesium adduction was shown to yield informative 
ETD fragmentation for permethylated glycans.
36
   
Previous literature has suggested differences between the mechanisms and 
fragmentation behaviors of ECD and ETD for peptides.
51, 52
  In this chapter, these two 
MS/MS techniques for divalent metal-adducted carbohydrates are directly compared on 
the same FT-ICR mass spectrometer.  We also explored whether glycan isomer 
differentiation is feasible with ECD and/or ETD.  
 Experimental Section 2.2
2.2.1 Reagents 
Lacto-N-difucohexaose I (LNDFH I), LS-tetrasaccharide A (LSTa), LS-
tetrasaccharide B (LSTb), LS-tetrasaccharide C (LSTc), and an asialo, biantennary N-
glycan (NA2) were purchased from V-Labs Inc (Covington, LA), Prozyme (Hayward, 
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CA) or Carbosynth (Compton, Berkshire, UK).  MgCl2, CaCl2, and CoBr2 were obtained 
from Fisher (Fair Lawn, NJ) or Sigma-Aldrich. 
2.2.2 Sample Preparation 
Five µM solutions of oligosaccharides were mixed with 20 µM salt (MgCl2, 
CaCl2, and CoBr2) in 50% methanol (v/v) for positive ion mode analysis.     
2.2.3 Mass Spectrometry 
All mass spectra were acquired on a SolariX 7T electrospray ionization (ESI)-
quadrupole-FT-ICR mass spectrometer (Bruker Daltonics, Billerica, MA).  Samples were 
infused via an Apollo II electrospray source (Bruker Daltonics, Billerica, MA) at 70 to 
100 L/h and ionized with the assistance of N2 nebulizing gas.  Precursor ions for 
MS/MS were selected by the quadrupole and accumulated externally in the collision cell 
(hexapole).  ECD experiments were conducted by irradiating precursor ions in the ICR 
cell by an electron beam from an indirectly heated cathode.  The cathode heating current 
was 1.6 A and the cathode bias voltage was pulsed to -0.9 to -1.3 V for 180 to 300 ms.  
ETD experiments were conducted in the collision cell.  ETD reagent (fluoranthene 
anions, Sigma-Aldrich, St. Louis, MO) were produced externally in the chemical 
ionization source, trapped in the collision cell for 350–2000 ms, and then allowed to react 
with mass-selected precursor ions for 100 ms.  All mass spectra were acquired with 
SolarixControl software (Bruker Daltonics, Billerica, MA) with 256 data points from m/z 
200 to 2000 and averaged over 64 - 100 scans. 
2.2.4 Data Analysis 
49 
 
Data processing was performed with Data Analysis software (Bruker Daltonics, 
Billerica, MA).  Preliminary calibration was performed externally with the calibration 
function in Data Analysis software followed by internal calibration based on four known 
m/z ratios (the precursor ion, charge reduced/proton stripped species, and two expected 
product ions (typically glycosidic fragments).  Data were analyzed manually with the aid 
of GlycoWorkbench software.
53
  Product ions were not assigned unless the S/N ratio was 
at least 3.  ECD and ETD fragmentation efficiencies were calculated based on equation 1, 
excluding the charge-reduced but non-dissociated products. 
Fragmentation efficiency = 
∑      
           
 (1) in which I (fi) is the summed product 
ion abundance (charge state normalization is unnecessary as all fragments are singly 
charged) and Pi (before) is the precursor ion abundance in a separate spectrum prior to 
dissociation.  
 Results and Discussion 2.3
2.3.1 ECD and ETD of Divalent Metal-Adducted Underivatized LNDFH 
LNDFH is a common human milk oligosaccharide with the composition 
Fucα2Galβ3(Fucα4)GlcNAcβ3Galβ4Glc.  
Figure 2.1 shows a positive ion ESI-FT-ICR mass spectrum of 5 M LNDFH in 
the presence of 20 M MgCl2.  Several molecular ion species are detected, such as singly 
protonated LNDFH and its fragments, however doubly charged [LNDFH + Mg]
2+
 is the 
most abundant ion.  Following quadrupole isolation of this precursor ion at m/z 511.7, 
ECD and ETD were performed in order to compare the resulting fragmentation patterns.  
50 
 
Experimental conditions were optimized to obtain the highest variety of fragments in 
each technique, starting with identical precursor ion abundance prior to MS/MS. 
 
Figure 2.1 ESI FT-ICR mass spectrum of 5 M LNDFH in the presence of 20 M 
MgCl2. 
 
Figure 2.2 displays ECD and ETD spectra for Mg-adducted LNDFH.  This 
precursor ion ([M + Mg]
2+
) fragmented extensively at optimized ECD and ETD 
conditions, generating a plentitude of glycosidic, cross-ring, and internal cleavages.  Both 
ECD and ETD generated sufficient glycosidic cleavages to cover the entire 
oligosaccharide sequence.  ECD of Mg-adducted LNDFH generated four glycosidic 



















X3) (see Table 2.1).  
Fragments indicated within parentheses are alternative assignments with identical mass.  
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All fragments were deprotonated with a magnesium ion as positive charge carrier for an 







A3 fragments are unique to ECD of Mg-adducted LNDFH.  






A3 identify the branching site at the 
GlcNAc residue.  ETD of Mg-adducted LNDFH generated four glycosidic cleavages, 









X3).  Similar to ECD, unique fragments (Z3) were observed compared with ETD of 
Co-adducted LNDFH (Fig. 2.3 (bottom)).   
 

















































































Figure 2.2 FT-ICR MS/MS of Mg-adducted LNDFH.  (a) ECD (64 scans, 200 ms 
electron irradiation with a bias voltage of – 1.0 V);  (b) ETD (64 scans, 300 ms reagent 
accumulation time and 100 ms reaction time).  Fragmentation patterns from ECD (c) and 
ETD (d).  
 
Table 2.1 Summary of product ions observed for Mg-adducted LNDFH following 
positive-ion mode ECD and ETD.  Fragments in bold are those unique to either ECD or 
ETD of [LNDFH + Mg]
2+
.  Underlined fragments are radical ions containing one 










































Figure 2.3 FT-ICR MS/MS fragmentation patterns for Co-adducted LNDFH.  (a) ECD 
(50 scans, 200 ms electron irradiation with a bias voltage of – 1.0 V);  (b) ETD (50 scans, 
500 ms reagent accumulation time and 500 ms reaction time).  
 
LNDFH was also mixed with CaCl2 and found to form Ca adducts more readily 
than Mg or Co adducts, generating highly abundant [LNDFH + Ca]
2+
 doubly charged 
cations in positive ion mode.  ECD of [LNDFH + Ca]
2+ 
showed extensive fragmentation 
(Figure 2.4a), including  three glycosidic cleavages and seven cross-ring cleavages.  
Similar to Mg- and Co-adducted LNDFH, all fragments were singly charged with one 




A3 cross-ring fragments provide 
branching information for the fucose residue.  
ETD (Figure 2.4b) of the same Ca-adducted precursor ion only generated one 
glycosidic cleavage (corresponding to fucose loss and thus not providing additional 
structural information compared with CAD) and one cross-ring cleavage.  This level of 
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fragmentation is much lower than that in ETD of [LNDFH + Mg]
2+




Metal-electron recombination energy has previously been suggested to have a 
significant effect on ECD outcome.
49, 54-57
  Mg has a higher IE2 (15.04 eV) than Ca 
(11.87 eV) and, thus, more energy may be released upon electron capture, contributing to 
further excitation and fragmentation.  However, Co has an even higher IE2 (17.08 eV) 
than Mg, but Co adduction resulted in inferior ECD/ETD, indicating a more complex 
mechanism.  Gas-phase structures of precursor ions have also been previously proposed 
to greatly influence ECD outcome
58
 and the metal coordination sphere/binding site has 
been recently proposed to affect ETD outcome
59
.   Williams and co-workers successfully 
separated multiple gas-phase conformers by a combination of high-filed asymmetric 
waveform ion mobility spectrometry (FAIMS) and FT-ICR MS.
60, 61
  Extensive work by 
Leary et al.
62
 and Lebrilla et al.
63
 has shown that metal adduction does change gas-phase 











































































Figure 2.4 FT-ICR MS/MS of Ca-adducted LNDFH.  (a) ECD (64 scans, 180 ms 
electron irradiation with a bias voltage of – 1.0 V);  (b) ETD (64 scans, 300 ms reagent 
accumulation time and 100 ms reaction time). Fragmentation patterns from ECD (c) and 
ETD (d). 
 
Comparing ECD with ETD for the same divalent metal adduct, charge reduced 
radical species were not observed in either technique.  Instead, proton stripped species 
were generated following electron capture or transfer.   Overall, ECD showed higher 
fragmentation efficiency than ETD of the same precursor ions.  For example, for Mg 
adduction, ECD showed 16% fragmentation efficiency, while the fragmentation 
efficiency of ETD was 1.7%.  This distinct difference may be explained by the very 
different pressures during ECD and ETD: ECD occurs in the high vacuum inside the ICR 
cell (<10
-9
 mbar) and, thus, no effective cooling mechanism is in operation for the 
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precursor ions.  By contrast, the pressure in the collision cell where ETD occurs is around 
10
-3
 mbar, resulting in effective cooling of precursor ions and thus a higher energy 
requirement for dissociation. 
2.3.2 ECD and ETD of Divalent Metal-Adducted Underivatized NA2 
NA2 is a biantennary oligosaccharide found on glycoproteins, including asialo 
serum transferrin and fibrin.  It is the simplest N-glycan in nature.  
Mg-adducted NA2 underwent extensive fragmentation in ECD and ETD.  Mg 
adduction (Figure 2.5) resulted in superior fragmentation behavior compared with Co 
















A5 – H2O), (
0,3





(underlined fragments are radical ions containing one additional, or one less, hydrogen 
atom than the corresponding even-electron fragment). Such hydrogen transfer has been 
previously observed in ETD of Mg-adducted permethylated glycans.
36
  The additional A- 
and X-type cross-ring cleavages observed for the Mg-adducted glycan are highly 
valuable for identification of linkage and branching.  The advantage of Mg adduction 
appears even higher for NA2 compared with LNDFH.  For example, ETD of Co-
adducted NA2 only generated one glycosidic cleavage, Y4, while ETD of Mg-adducted 
NA2 generated a variety of fragments, including three glycosidic cleavages and six cross-
ring cleavages.  
ECD and ETD of the same precursor ions, Mg-, or Co-, or Ca-adducted NA2, 
demonstrated distinctive fragmentation behavior.  For example, ECD of Mg-adducted 
NA2 generated six glycosidic fragments and 13 cross-ring cleavages, whereas ETD of the 
same precursor ions generated three glycosidic cleavages and six cross-ring cleavages. 
59 
 
Three glycosidic cleavages, B2(H
+
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A6 were only 
observed in ECD. 
 
Figure 2.5  FT-ICR MS/MS fragmentation patterns of Mg-adducted NA2.  (a) ECD (64 
scans, 180 ms electron irradiation with a bias voltage of – 1.0 V);  (b) ETD (64 scans, 
500 ms reagent accumulation time and 100 ms reaction time). Underlined fragments are 





Figure 2.6  FT-ICR MS/MS fragmentation patterns of Co-adducted NA2.  (a) ECD (80 
scans, 300 ms electron irradiation with a bias voltage of – 1.0 V); (b) ETD (80 scans, 500 
ms reagent accumulation time and 100 ms reaction time).   
 
Similar to LNDFH, Ca formed NA2-metal complexes more readily than either Co 
or Mg.   However, the five cross-ring cleavages generated by ECD of Ca-adducted NA2 
did not occur at the critical GlcNAc branching site and ETD of the same species only 
generated one glycosidic cleavage (C5) and one cross-ring cleavage (
3,5
A6), although this 
cross-ring fragment was not observed in ECD of the same precursor ions thus providing 
complementary structural information.  Overall, Ca adduction produced less fragments 
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than the other metals in both ECD and ETD.  The more pronounced difference between 
ECD and ETD (with particularly poor ETD performance for the calcium adduct) 
observed for NA2 compared with LNDFH may be due to the larger size of this particular 
oligosaccharide, allowing more interactions with the metal ions and thus requiring more 
energy for dissociation. 
 
Figure 2.7  FT-ICR MS/MS fragmentation patterns of Ca-adducted NA2.  (a) ECD (64 
scans, 300 ms electron irradiation with a bias voltage of – 0.8 V);  (b) ETD (64 scans, 
500 ms reagent accumulation time and 100 ms reaction time).  Underlined fragments are 





2.3.3 Isomer Differentiation by Divalent Metal-Assisted ECD/ETD: The Case of 
LSTa, LSTb, and LSTc 
Isomer differentiation is one of the biggest challenges in mass spectrometry-based 
structural characterization of glycans.  LSTa, LSTb, and LSTc are three common 
oligosaccharides from human milk, all composed of five monosaccharides (see Figure 
2.8).  LSTb is a branched glycan with linkages at the 3 and 6 positions on the GlcNAc 
residue.  For this glycan, the cross-ring cleavages A2 and X2 would provide valuable 
structural information differentiating it from the linear isomers LSTa and LSTc.  It is 
more challenging to differentiate LSTa and LSTc due to their identical composition and 
sequence.  The only differences between these two glycans are the linkage between the 
sialic acid and the Gal residue, and the linkage between the Gal and the GlcNAc (see 
Figure 2.8).  To differentiate LSTa and LSTc, the cross-ring cleavages A2, A3, X3, and X2 



















Figure 2.8  Structures of the isomers LSTa, LSTb, and LSTc.  (a) LSTa;  (b) LSTb;  
(c) LSTc.  The specific differences in branching or linkage are highlighted in pink.  
Desired cross-ring cleavages are listed in pink on the left. 
 
The data presented above on LNDFH and NA2 as well as previous literature
34, 49
 
have shown that ECD and ETD of divalent metal-adducted underivatized glycans 
generate extensive cross-ring cleavages.  Therefore, divalent metal-assisted ECD and 
ETD were examined for differentiation of LSTa-c.  For all three glycans, Co, Mg, and Ca 




For divalent metal-adducted underivatized LSTa both ECD and ETD generated 




















A3 for the Co-adducted species, and (
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A2 for the Ca-adducted species, are highlighted in pink in Figure 2.9.   
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(a) ECD of [LSTa + Co]2+
(b) ETD of [LSTa + Co]2+
(c) ECD of [LSTa + Mg]2+
(d) ETD of [LSTa + Mg]2+
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(e) ECD of [LSTa + Ca]2+
(f) ETD of [LSTa + Ca]2+
 
Figure 2.9  Fragmentation pattern summary for divalent metal-assisted ECD and ETD of  
LSTa.  (a) ECD of [LSTa + Co]
2+
;  (b) ETD of [LSTa + Co]
2+
;  (c) ECD of [LSTa + 
Mg]
2+
;  (d) ETD of [LSTa + Mg]
2+
;  (e) ECD of [LSTa + Ca]
2+








Similar to LSTa, many valuable cross-ring cleavages were identified from ECD 
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X2 – H2O) in ECD and no 
structurally differentiating cleavages in ETD.  
(a) ECD of [LSTb + Co]2+




(c) ECD of [LSTb + Mg]2+
(d) ETD of [LSTb + Mg]2+
(e) ECD of [LSTb + Ca]2+
(f) ETD of [LSTb + Ca]2+
 
Figure 2.10  Fragmentation pattern summary for divalent metal-assisted ECD and ETD 
of LSTb.  (a) ECD of [LSTb + Co]
2+
;  (b) ETD of [LSTb + Co]
2+
;  (c) ECD of [LSTb + 
Mg]
2+
;  (d) ETD of [LSTb + Mg]
2+
;  (e) ECD of [LSTb + Ca]
2+






Divalent metal-adducted LSTc also demonstrated efficient fragmentation in ECD 
and ETD (see Figure 2.11).  Mg adduction yielded 
2,4
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(a) ECD of [LSTc + Co]2+
(b) ETD of [LSTc + Co]2+
(c) ECD of [LSTc + Mg]2+
(d) ETD of [LSTc + Mg]2+
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(e) ECD of [LSTc + Ca]2+
(f) ETD of [LSTc + Ca]2+
 
Figure 2.11 Fragmentation pattern summary for divalent metal-assisted ECD and ETD of 
LSTc.  (a) ECD of [LSTc + Co]
2+
;  (b) ETD of [LSTc + Co]
2+
;  (c) ECD of [LSTc + 
Mg]
2+
;  (d) ETD of [LSTc + Mg]
2+
;  (e) ECD of [LSTc + Ca]
2+





All three divalent metals (Co, Mg, Ca) could be used for isomer differentiation 
although Mg adduction produced the most informative cleavages.  In general, ECD 
generated more critical cross-ring cleavages than ETD for differentiation of LSTa, LSTb, 
and LSTc. 
 Conclusions 2.4
In this chapter, three divalent metal ions were examined as charge carriers in ECD 
and ETD.  ECD and ETD fragmentation patterns of divalent metals Co (II)-, Mg (II)-, Ca 
(II)-adducted glycans were directly compared and summarized in Table 1.2. For both two 
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glycans and three divalent metals we studied in this chapter, ECD always generated more 
fragments than ETD and generally resulted in higher fragmentation efficiency. Such 
distinction is likely attributed to the different pressures during ECD (<10
-9
 mbar) and 
ETD (around 10
-3
 mbar), which resulted in a more effective cooling of precursor ions and 
a higher energy requirement for dissociation in ETD. Ca formed metal-glycan complexes 
most readily, while Mg complexes generated superior ECD and ETD fragmentation.  In 
particular, Mg adduction showed superior application towards isomer differentiation 
compared with Co or Ca by generating the highest variety of informative cross-ring 
cleavages.  The mechanism of divalent metal-assisted ECD/ETD is likely related to both 
metal ionization energy and the gas-phase structures of metal-glycan complexes.  Metals 
with a higher IE2 may contribute more energy to fragmentation and thus assist in 
generating a higher variety of fragments and more diverse structural populations of 
glycan-metal complexes presumably also enable more fragmentation channels. 
Table 2.2 Direct comparison of ECD and ETD of divalent Metals Co (II)-, Mg (II)-, and 
Ca (II)-adducted LNDFH and NA2. 
 
Glycan Metal ECD ETD
LNDFH
Co (2+) 6 glycosidic, 4 cross-ring 7 glycosidic, 2 cross-ring
Mg (2+) 4 glycosidic, 7 cross-ring 4 glycosidic, 2 cross-ring
Ca (2+) 2 glycosidic, 7 cross-ring 0 glycosidic, 1 cross-ring
NA2
Co (2+) 9 glycosidic, 4 cross-ring 0 glycosidic, 1 cross-ring
Mg (2+) 6 glycosidic, 13 cross-ring 3 glycosidic, 6 cross-ring
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 Electron Capture Dissociation and Electron Transfer  Chapter 3





Glycosylation is a common post-translational modification to cell surfaces.  Cells 
respond to the surrounding environment via structural alterations of the surface glycans.
1-
4
  Some glycans are recognized as critical mediators of tumor progression.
5-7
  The 
structural diversity and complexity of carbohydrates are impediments to an in-depth 
understanding of their biological functions and to the development of carbohydrate-based 
drugs and vaccine candidates.
8, 9
  The development of tandem mass spectrometry 
(MS/MS)-based techniques for carbohydrate structural analysis is driven by these 
biomedical needs.  MS/MS is able to provide detailed structural information at high 
sensitivity. 
10
  The latter characteristic is particularly valuable for biomedical applications 
given the limited sample amounts in many applications. 
Electrospray ionization (ESI) is one of the most widely used ionization methods 
for modern mass spectrometers.  ESI is softer than many other ionization methods and 
directly compatible with liquid chromatography (LC).  Another valuable aspect of ESI is 
its tendency to generate multiply charged ions for macromolecular analytes.  Increased 
charge is advantageous in most MS/MS activation methods. 
Currently, collision activated dissociation (CAD) is the most widely used MS/MS 
technique for carbohydrate analysis.  Low energy CAD typically generates glycosidic 
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cleavages which are not sufficient for detailed structural analysis.
11, 12
  Electron capture 
dissociation (ECD) and electron transfer dissociation (ETD) are two emerging MS/MS 
fragmentation techniques that can be valuable for generating complementary fragments 
compared with CAD and thus adding structural information.
11, 13-15
  However, ECD and 
ETD require multiply charged precursor cations.  This requirement can be highly 
challenging for carbohydrates, because they lack preferred protonation sites.  Moreover, 
the extent of fragmentation, electron capture/transfer efficiency, and recombination 
energy all increase with increasing ion charge state in ECD/ETD.
16-20
  Thus, charge states 
higher than two are preferred although they are even more challenging to generate than 
doubly charged ions. 
Metal adduction can be an effective way to manipulate charge states prior to 
ECD/ETD.  Alkali metals and divalent metals have been utilized towards peptides and 
oligosaccharides.
14, 21-26
  Chapter 2 of this dissertation presented a direct comparison of 
ECD and ETD for such precursor ion species.  Trivalent metals were recently reported as 
charge carriers for supercharging of proteins to yield extensive ECD fragmentation.
27
  
The same group also explored the effect of a range of trivalent metal adducts in ECD of 
peptides.
28




 binding of a B. anthracis 
siderophore and found that ECD generated more structural information compared with 
sustained off-resonance irradiation (SORI) CAD or infrared multiphoton dissociation 
(IRMPD).
29
  In this chapter, the formation of trivalent metal, including La, Al, Ga, Eu, 
Ce, and Sm, ion-glycan complexes, including isomeric oligosaccharides is compared. 
Their ECD/ETD fragmentation behavior is inverstigated.  Traveling wave ion mobility 
spectrometry (TW IMS) was also employed to assess gas-phase structures of metal-
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glycan complexes in order to gain further insight into the metal influence on ECD/ETD 
behavior. 
 Experimental Section 3.2
3.2.1 Reagents 
Lacto-N-difucohexaose I (LNDFH I), LS-tetrasaccharide A (LSTa), LS-
tetrasaccharide B (LSTb), LS-tetrasaccharide C (LSTc), and an asialo, biantennary N-
glycan (NA2) were purchased from V-Labs Inc (Covington, LA), Prozyme (Hayward, 
CA) or Carbosynth (Compton, Berkshire, UK).  La(OAc)3, AlCl3, GaCl3, Eu(OAc)3, 
Ce(OAc)3, and Sm(OAc)3 were obtained from Fisher (Fair Lawn, NJ) or Sigma-Aldrich 
(St. Louis, MO).  
3.2.2 Sample Preparation 
Five µM solutions of oligosaccharides were mixed with 20 µM salt (LaCl3, 
La(OAc)3, AlCl3, GaCl3, Eu(OAc)3, Ce(OAc)3, or Sm(OAc)3) in 50% methanol (v/v) for 
positive ion mode analysis.     
3.2.3 Mass Spectrometry 
All mass spectra were acquired on a SolariX 7T ESI-quadrupole-Fourier 
transform ion cyclotron resonance (FT-ICR) mass spectrometer (Bruker Daltonics, 
Billerica, MA).  Samples were infused via an Apollo II electrospray source (Bruker 
Daltonics) at 70 to 100 L/h and ionized with the assistance of N2 nebulizing gas.  
Precursor ions for MS/MS were selected by the quadrupole and accumulated externally in 
the collision cell (hexapole).  ECD experiments were conducted by irradiating precursor 
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ions in the ICR cell by an electron beam from an indirectly heated cathode.  The cathode 
heating current was 1.6 A and the cathode bias voltage was pulsed to -0.9 to -1.3 V for 
180 to 300 ms.  ETD experiments were conducted in the collision cell.  ETD reagent 
(fluoranthene, Sigma-Aldrich) anions were produced externally in the chemical 
ionization source, trapped in the collision cell for 350–2000 ms, and then allowed to react 
with mass-selected precursor ions for 100 ms.  All mass spectra were acquired with 
SolarixControl software (Bruker Daltonics) with 256 data points from m/z 200 to 2000 
and averaged over 64-100 scans. 
TW IMS experiments were performed on a Synapt G2 HDMS quadrapole ion 
mobility-time-of-flight mass spectrometer (Waters, Milford, MA).  For each 
measurement, 5 M oligosaccharide was mixed with 20 M metal salt.  The travelling-
wave ion mobility cell was operated with a nitrogen gas pressure of 3.2-3.7 mbar and 
employed a series of DC voltage waves (wave heights: 23-27 V, wave velocities: 650-
900 m/s) to generate ion mobility separations. The TOF-MS was operated over an m/z 
range of 200-3000 with a pressure of 1.2×10
-6
 mbar.  Drift time values of a species with 
various metal ligands were compared under identical ion mobility conditions and charge 
states.  Reported drift times are associated with the value at a peak’s maximum intensity.   
3.2.4 Data Analysis 
Data were analyzed manually with the aid of GlycoWorkbench software.
30
  
Product ions were not assigned unless the S/N ratio was at least 3. 
Fragmentation efficiency = 
∑      
           
 (1) in which I (fi) is the summed product 
ion abundance (charge state normalization is unnecessary as all fragments are singly 
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charged) and Pi (before) is the precursor ion abundance in a separate spectrum prior to 
dissociation. 
 Results  3.3
3.3.1 ECD and ETD of Triple and Doubly Charged La-Adducted NA2 
A triply charged La-glycan complex was generated via ESI for the N-glycan NA2 
(see glycan structure in Figure 3.2) when using acetate counter ions (see Figure 3.1).  By 
contrast, LaCl3 only generated an overall doubly charged, singly deprotonated La-NA2 
complex with HCl adducts.  Triply charged [NA2 + La]
3+
 ions were the most abundant 
species from ESI of a 5 M NA2 solution with 20 M La(OAc)3. 
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012412 5uM NA2 20uM La(CH3COO)3_000002.d: +MS593.2 593.4 593.6 593.8 594.2594.0 594.4
[NA2 + La]3+
[NA2 + La - H]2+
[NA2 + La]3+
 
Figure 3.1 ESI-FT-ICR mass spectrum of 5 M NA2 solution with 20 M La(OAc)3 (32 
scans).  The most abundant ions correspond to [NA2 + La]
3+
 at m/z = 593.1656.  The 
inset displays the corresponding isotopic distribution of this triply charged cation. 
 
ECD and ETD spectra of La-adducted triply charged NA2 are shown in Figure 
3.2.  Fragmentation is significantly enhanced compared with previous data on doubly 
charged divalent metal-adducted NA2 (Chapter 2).  In addition to extensive internal 
fragments, 16 glycosidic and 13 cross-ring cleavages were observed in ECD and 12 
glycosidic and 18 cross-ring cleavages were observed in ETD.  Twenty three of these 
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X3) (underlined fragments are radical 
ions containing one additional, or one less, hydrogen atom than the corresponding even-
electron fragment, “(H)
+
” indicate protonated singly charged fragments, all other 
fragments carry a lanthanum adduct.).  Twenty seven product ions were unique to ECD, 
and twenty two fragments were only observed in ETD.  These fragments are highlighted 
in bold in Figure 3.2 (a) and (b).  Both ECD and ETD generated a series of glycosidic 
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Figure 3.2 FT-ICR tandem mass spectra of La-adducted NA2, [NA2 + La]
3+
.  (a) ECD of 
[NA2 + La]
3+
 (64 scans, 100 ms electron irradiation with a bias voltage of – 0.7 V).  (b) 
ETD of [NA2 + La]
3+
 (64 scans, 100 ms electron irradiation with a bias voltage of – 0.7 
V).  Underlined fragments are radical ions containing one additional, or one less, 
hydrogen atom than the corresponding even-electron fragment; Italics: singly charged [La 
- 2H]
+
 fragments.  Fragmentation patterns from ECD (c) and ETD (d).  n3 = third 
harmonics. Glycosidic cleavages are highlighted in blue, and cross-ring cleavages are 
highlighted in red. 
 
ESI of the NA2/La(OAc)3 solution (as well as an NA2/LaCl3 solution) also 
yielded abundant doubly charged La-glycan complexes of the form [NA2 + La – H]
2+
 
(see Fig. 3.1 for the acetate salt).  These doubly charged precursor ions also showed 
dramatically different fragmentation behavior compared with divalent metal (M)-
adducted NA2 ([NA2 +M(II)]
2+
, see Chapter 2).  ECD and ETD spectra of [NA2 + La – 
H]
2+
 are shown in Figure 3.3 and Table 3.1 summarizes all the glycosidic and cross-ring 
cleavages observed from ECD and ETD of these precursor ions.  Fragments highlighted 
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in pink in Table 3.1 were not observed in ECD/ETD of divalent metal (Mg, Co, and Ca)-
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Figure 3.3 FT-ICR tandem mass spectra of La-adducted deprotonated NA2, [NA2 + La - 
H]
2+
.  (a) ECD (64 scans, 180 ms electron irradiation with a bias voltage of – 1.0 V);  (b) 
ETD (100 scans, 240 ms reagent accumulation time and 100 ms reaction time).  
Fragmentation patterns from ECD (c) and ETD (d).  * = signal present prior to ETD;n3 = 




Table 3.1 Product ions observed for La-adducted deprotonated NA2, [NA2 + La - H]
2+
, 
following ECD (left) and ETD (right).  Fragments highlighted in pink are unique to this 
trivalent metal-adducted doubly charged species compared with previous divalent metal-
adducted NA2 (Chapter 2).  Underlined fragments are radical ions containing one 




3.3.2 ECD and ETD of Doubly Charged La-Adducted LNDFH 
A smaller, branched oligosaccharide, LNDFH, was also subjected to ESI in the 
presence of lanthanum.  For this smaller glycan (mononisotopic mass 999.3641 vs. 
1640.5919 for NA2) only doubly charged, deprotonated La complexes, [LNDFH + La - 
H]
2+
 were observed, even with acetate counter ions.  Fragmentation patterns and product 
ion identities from ECD and ETD of this doubly charged species are shown in Figure 3.4 
and Table 3.2.  Fragments highlighted in pink in Table 3.2 were not observed in previous 





Figure 3.4 FT-ICR MS/MS fragmentation patterns for La-adducted deprotonated 
LNDFH [LNDFH + La – H]
2+
.  (a) ECD (64 scans, 300 ms electron irradiation with a 
bias voltage of – 0.8 V);  (b) ETD (64 scans, 250 ms reagent accumulation time and 100 




Table 3.2 Summary of product ions observed for La-adducted deprotonated LNDFH 
[LNDFH + La – H]
2+
 following ECD and ETD.  Fragments in bold are unique to ECD of 
[LNDFH + La - H]
+
.  Fragments highlighted in pink are unique to this trivalent metal-
adducted species compared with previous ECD/ETD of divalent metal-adducted LNDFH.  
Underlined fragments are radical ions containing one additional, or one less, hydrogen 
atom than the corresponding even-electron fragment. 
 
 
3.3.3 ECD and ETD of Triply Charged Al-Adducted NA2 
Triply charged trivalent metal-glycan complexes were also generated via ESI of 
NA2 in the presence of AlCl3 as shown in Figure 3.5.  Doubly charged, deprotonated ions 
were also observed (Figure 3.5). At the same 5 M carbohydrate and 20 M metal salts 
concentration, La produced more abundant triply and doubly charged ions (about 1.5-2.5-
fold). ECD and ETD of [NA2 + Al]
3+
 generated a variety of glycosidic, cross-ring, and 
internal fragments, as shown in Figure 3.6 and summarized in Table 3.3.  Twenty 
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fragments were shared between both techniques but 38 products were unique to ECD and 
25 were unique to ETD.  


















[NA2 + Al - H]2+
 
Figure 3.5 FT-ICR mass spectrum of a mixed solution of NA2 (5 M) and AlCl3 (20 
M) (20 scans). [NA2 + Al]
3+
 (calculated m/z monoisotopic  = 555.86, average = 
556.16), and [NA2 + Al – H]
2+
 (calculated m/z monoisotopic = 833.28, average = 833.74) 
are observed. [NA2 + Al – 2H]
+
 (calculated m/z monoisotopic = 1665.56, average = 
1666.47) was not observed. [NA2 + Al]
3+











Figure 3.6 FT-ICR tandem mass spectra of Al-adducted NA2, [NA2 + Al]
3+
.  (a) ECD 
(64 scans, 280 ms electron irradiation with a bias voltage of – 0.55 V);  (b) ETD (100 
scans, 280 ms reagent accumulation time and 100 ms reaction time). Underlined 
fragments are radical ions containing one additional, or one less, hydrogen atom than the 
corresponding even-electron fragment; Italics: singly charged [Al - 2H]
+
 fragments; *: in 
blank or noise. Fragmentation patterns from ECD (c) and ETD (d).  
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Table 3.3 Product ions from ECD (left) and ETD (right) of triply charged Al-adducted 
NA2, [NA2 + Al]
3+
.  For both ECD and ETD, the left columns contain fragments shared 
between both techniques whereas the right columns contain fragments unique to either 
ECD or ETD.  Underlined fragments are radical ions containing one additional, or one 
less, hydrogen atom than the corresponding even-electron fragment; Italics: singly 





3.3.4 ESI of NA2 in the Presence of Ce, Sm, Eu, and Ga 
Other trivalent metals, including Ce, Sm, Eu, and Ga, were also investigated for 
generation of metal-glycan complexes.  Neither one of these metals resulted in detection 
of triply charged metal-glycan complexes, however, the presence of Ce, Sm, and Eu 
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generated [NA2 + metal(III) – H]
2+
 cations, as demonstrated in Figures 3.7-3.9 For all 
these four metals (and for Al), the mass spectra of glycan/metal salt mixtures contained 
more unassigned peaks than for La, probably due to salt impurities.  Addition of Ga to the 
ESI solution did not result in any 3+, 2+, or 1+ ions containing the metal.  

















[NA2 + Ce - H]2+
[NA2 – C4H3O3 + Ce - H]
2+
 
Figure 3.7 ESI-FT-ICR mass spectrum of 5 M NA2 solution with 20 M Ce(OAc)3 (64 
scans).  [NA2 + Ce]
3+
 (calculated average m/z = 593.87) was not observed but [NA2 + Ce 
– H]
2+
 (calculated average m/z = 890.31) was detected as shown in the inset. 
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[NA2 + Sm - H]2+
 
Figure 3.8 ESI-FT-ICR mass spectrum of a 5 M NA2 solution with 20 M Sm(OAc)3 
(64 scans).  The most abundant ions correspond to [NA2 + Sm - H]
2+
 (calculated average 
m/z = 895.43), as shown in the inset.  [NA2 + Sm]
3+
 (calculated average m/z = 597.29) 
was not observed. 
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[NA2 + Eu - H]2+
[NA2  - 94 Da + Eu - H]2+
 
Figure 3.9 ESI-FT-ICR mass spectrum of 5 M NA2 solution with 20 M Eu(OAc)3 (64 
scans).  The most abundant ions correspond to [NA2 + Eu - H]
2+
 (calculated average m/z 
= 896.23), as shown in the inset.  [NA2 + Eu]
3+
 (calculated average m/z = 597.82) was 
not observed. 
 
As illustrated in Figure 3.7, Sm has a highly complex isotopic distribution, 
rendering data interpretation challenging and also potentially diluting available signal.  
Eu has a less complex isotopic distribution but still causes widening of MS signals.  Also, 
the high occurrence of one or two hydrogen transfers in ECD may be masked by the Eu 
isotopic distribution.  Therefore, only Ce was further investigated as another trivalent 





3.3.5 ECD and ETD of Doubly Charged Ce-Adducted Glycans 
ECD and ETD of doubly charged Ce-adducted NA2, [NA2 + Ce - H]
2+
, are 
shown in Figure 3.10.  Although not as efficient as La in inducing ECD/ETD 
fragmentation from [glycan + metal (III) – H]
2+
, Ce adduction still resulted in unique 















































Figure 3.10  FT-ICR tandem mass spectra of doubly charged Ce-adducted NA2, [NA2 + 
Ce - H]
2+
.  (a) ECD (64 scans, 200 ms electron irradiation with a bias voltage of – 1.3 V);  
(b) ETD (64 scans, 600 ms reagent accumulation time and 100 ms reaction time).  
Underlined fragments are radical ions containing one additional, or one less, hydrogen 
atom than the corresponding even-electron fragment.  Fragmentation patterns from ECD 
(c) and ETD (d).n3 = third harmonics. 
 
Doubly charged Ce-adducted LNDFH was also generated by ESI with a higher 
abundance compared with NA2. This may be due to size effect. Ce is relatively a smaller 
metal ion, and LNDFH is smaller than NA2 as well. ECD and ETD fragmentation 
patterns for [LNDFH + Ce – H]
2+
 are summarized in Table 3.4.  The same number of 
cross-ring fragments were observed from ECD and ETD but ECD generated more 
glycosidic fragments than ETD. 
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Table 3.4 Product ions from ECD and ETD of doubly charged Ce-adducted LNDFH, 
[LNDFH + Ce – H]
2+
.  Underlined fragments are radical ions containing one additional, 
or one less, hydrogen atom than the corresponding even-electron fragment.  Fragments in 
bold are unique to either ECD or ETD of the same precursor ions. 
 
 
3.3.6 Isomer Differentiation by Trivalent Metal-Assisted ECD/ETD: The Case of 
LSTa, LSTb, and LSTc 
We have previously shown (Chapter 2) that divalent metal adduction combined 
with ECD or ETD allows differentiation of the isomeric glycans LSTa, LSTb, and LSTc.  
ECD of Mg-adducted species was particularly powerful with much fewer fragments 
observed from ETD of the same species.  The improved ECD and ETD shown above for 
trivalent metal adduction, even for doubly charged deprotonated precursors ions, suggests 
that improved isomer differentiation may be feasible via this approach, particularly by 
ETD.  ECD and ETD fragmentation patterns of doubly charged deprotonated LSTa, 
[LSTa + La – H]
2+
 and [LSTa + Ce – H]
2+
, are shown in Figure 3.11.  Similar to divalent 




























A3 for ETD of the same species.  ECD and ETD of [LSTa + Ce – H]
2+
 
both generated only one isomer-specific cross-ring fragment, 
0,4
X2 in ECD, and the 
corresponding radical ions with one hydrogen atom less in ETD. 
 
(a) ECD of [LSTa + La - H]2+ (b) ETD of [LSTa + La - H]2+
(c) ECD of [LSTa + Ce - H]2+ (d) ETD of [LSTa + Ce - H]2+
Figure 3.11 Fragmentation patterns from ECD and ETD of trivalent metal (La and Ce)-
adducted doubly charged, deprotonated LSTa.  (a) ECD of [LSTa + La - H]
2+
;  (b) ETD 
of [LSTa + La - H]
2+
;  (c) ECD of [LSTa + Ce - H]
2+























X2 were observed in 












X2 were observed in ETD of [LSTb + Ce – H]
2+ 
(see Figure 3.12). 
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(a) ECD of [LSTb + La - H]2+ (b) ETD of [LSTb + La - H]2+
(c) ECD of [LSTb + Ce - H]2+ (d) ETD of [LSTb + Ce - H]2+
 
Figure 3.12 Fragmentation patterns from ECD and ETD of trivalent metal (La and Ce)-
adducted doubly charged, deprotonated LSTb.  (a) ECD of [LSTb + La - H]
2+
;  (b) ETD 
of [LSTb + La - H]
2+
;  (c) ECD of [LSTb + Ce - H]
2+



















A3 from ECD, 






X2 – H2O), and 
1,3
X2 diagnostic ions were 
generated by ETD of the same precursor ions, [LSTc + La – H]
2+


























(a) ECD of [LSTc + La - H]2+ (b) ETD of [LSTc + La - H]2+
(c) ECD of [LSTc + Ce - H]2+ (d) ETD of [LSTc + Ce - H]2+
 
Figure 3.13 Fragmentation patterns from ECD and ETD of trivalent metal (La and Ce)-
adducted doubly charged, deprotonated LSTc.  (a) ECD of [LSTc + La - H]
2+
;  (b) ETD 
of [LSTc + La - H]
2+
;  (c) ECD of [LSTc + Ce - H]
2+




Isomer-diagnostic fragments from ECD and ETD of Mg, Co, Ca, La, and Ce-
adducted LSTa/LTSb/LSTc are summarized in Table 3.5 (divalent metal data from 
Chapter 2).  In general, trivalent metal adduction yielded more critical cross-ring 
cleavages for isomer differentiation.  La adduction, in particular, demonstrated 
advantageous fragmentation in both ECD and ETD although ECD typically generated 




Table 3.5 Summary of diagnostic cross-ring fragments for isomer differentiation 
generated from metal-assisted ECD and ETD of underivatized LSTa, LSTb, and LSTc.  
Underlined fragments are radical ions containing one additional, or one less, hydrogen 
atom than the corresponding even-electron fragment.  Fragments in bold are unique to 
either ECD or ETD of the same precursor ions. 
 
 
 Discussion   3.4
A summary of ECD and ETD fragmentation outcomes for divalent (Chapter 2) 
and trivalent metal-adducted NA2 is shown in Table 3.6.  Triply charged trivalent metal-
adducted NA2 showed significantly enhanced fragmentation in both ECD and ETD 
compared with the same but doubly charged, deprotonated species, and with doubly 
charged species from divalent metal adduction with a much more dramatic charge state 
dependence in ETD than in ECD.  Higher charge states have higher electron affinity and 
typically have more unfolded gas-phase structures due to Coulomb repulsion.  The more 
unfolded gas-phase structures for triply charged ions eliminate the difference in 
fragmentation efficiency observed between ECD and ETD of doubly charged ions 
108 
 
(Chapter 2), presumably due to limited intramolecular non-covalent interactions and thus 
additional activation to disrupt such interactions is not required. 
The presence of trivalent metals (particularly La and Al) was beneficial also for 
overall doubly charged precursor ions  For example, for La-adducted deprotonated NA2, 
although at the same charge state as Mg- or Ca-adducted NA2, ECD/ETD of [NA2 + La 
– H]2+ yielded five cross-ring fragments that were not observed in either ECD or ETD of 
[NA2 + Mg]
2+
, [NA2 + Ca]
2+
, or [NA2 + Co]
2+
. 
Table 3.6 Summary of ECD and ETD fragmentation outcomes for Mg (II)-, Ca (II)-, Ce 
(III)-, Al (III)-, and La (III)-adducted NA2. 
 
 
ECD and ETD fragmentation efficiencies for all metal-NA2 complexes were 
calculated and are summarized in Table 3.7.  As expected, triply charged precursor ions 
result in higher fragmentation efficiencies than doubly charged precursor ions, even for 




Table 3.7 Fragmentation efficiencies of NA2-metal complexes.  
 
 
As discussed in Chapter 2 and the previous literature,
20-22, 31
 electron-metal 
recombination energy likely affects ECD and ETD outcome because it determines the 
energy release upon electron capture or transfer, thus contributing to further excitation 
and fragmentation.  For trivalent metals, the third ionization energy (IE3) is of interest 
rather than IE2, which has been examined for divalent metals.
31-33
  However, triply-
charged Al (IE3 = 28.45 eV)-adducted NA2 showed the highest fragmentation efficiency 
in ECD (36%) whereas triply-charged La (IE3 = 19.18 eV)-adducted NA2 fragmented 
most efficiently in ETD (30% fragmentation efficiency), thus indicating a more complex 
mechanism. 
Gas-phase structures of precursor ions have been previously proposed to greatly 
influence ECD outcome.  In particular, it has been proposed that a diversity of structures 
is necessary for extensive sequence coverage in peptides/proteins.
33-35
 To further explore 
this hypothesis, we performed traveling wave ion mobility mass spectrometry of several 
metal-glycan complexes (see Figure 3.14).  Multiple drift times were observed for triply-
charged La-adducted NA2 and two major drift times for the corresponding doubly-
Charge Carrier Charge State ECD ETD
Mg 2 16% 2%
Ca 2 6% 4%
Ce – H 2 10% 3%
La – H 2 13% 1%
Al 3 36% 22%
La 3 20% 30%
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charged species.  Triply charged aluminum complexes were not observed in these 
experiments (performed with a different instrument than ECD/ETD).  For divalent 
metals, NA2 complexes with the divalent metals Ca, Co, and Mg showed only one drift 
time.  For divalent metal-adducted LNDFH, Co and Mg complexes also showed two drift 
times while the Ca complex only showed one drift time.  These data corroborate previous 
suggestions that both metal-electron recombination energy and gas-phase structures of 





















Figure 3.14 Drift times of divalent metal (Co, Mg, Ca) and trivalent metal (La, Al) 
adducted LNDFH and NA2. (a) metal-adducted LNDFH; (b) metal-adducted NA2. 
 
 Conclusions 3.5
In this chapter, trivalent metals were used for the first time to generate triply 
charged glycan complexes, resulting in improved ECD and ETD compared with doubly 
charged precursor ions from divalent metal adduction, or with doubly charged 
deprotonated precursor ions with the same trivalent metal charge carrier.  The latter 
precursor ion type also showed unique fragmentation pathways compared with doubly 




The mechanism of metal assisted ECD/ETD likely involves both the electron-
metal recombination energy (which is related to the ionization energy of the metal ion) 
and the gas-phase structural diversity of glycan-metal complexes.  Metals with a higher 
IE will release more energy and thus assist in generating more varieties of fragments.  
More structural populations of glycan-metal complexes presumably enable more 
fragmentation channels. 
ECD/ETD of trivalent metal-adducted underivatized glycans is valuable for 
isomer differentiation.  Even at the same charge state, trivalent metal adduction produces 
more cross-ring fragments than divalent metal adduction.  In particular, for doubly 
charged precursors ions La and Ce adduction generated many more critical fragments 
than divalent metals. The superior advantage of trivalent metal in improving 
fragmentation efficiency and generating more fragments may be attributed to both the 
metal ionization energy and multiple populations of gas-phase structures.  
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 Electron Induced Dissociation (EID) of Singly Protonated  Chapter 4




Glycosylation is one of the most ubiquitous forms of protein post-translational 
modification (PTM) and plays important roles in many key biological processes such as 
protein folding, self/nonself recognition, metastasis, cell adhesion, receptor activation, 
signal transmission, molecular trafficking and clearance.
1, 2
  Glycans covalently attached 
to proteins are often significantly changed with onset of cancer and inflammation in 
various ways such as increased glycan branching, increased or decreased levels of 
glycosylation, elevated levels of sialic acids, or altered sulfonation.
3
  Although the causes 
are not well understood, these disease-related alterations are thought to affect growth, 
adhesion, differentiation, transformation, progression, metastasis, and immune 
surveillance of cancer cells.
2, 4, 5
  Therefore, detailed glycan structural information will 
facilitate further understanding of cellular function as well as disease.  
 
On the other hand, the structural complexity of glycans is much larger than that of 
proteins due to the nature and order of constituent monosaccharides, position of 
glycosidic linkages, degree of branching, stereochemistry, isomers, modifications 
(sulfonation, phosphorylation, acylation, etc), and conjugation to proteins and other 
biomolecules.  All these challenges have resulted in carbohydrates being less explored 







nuclear magnetic resonance (NMR) spectroscopy
6, 7
 and X-ray crystallography
8, 9
 have 
been used to elucidate structural information for glycans and their complexes.  However, 
the requirement of relatively large amounts of sample or formation of crystals, 
respectively, has limited the application of these techniques.  Chromatography is known 
for its high reproducibility and sensitivity (particularly when coupled with fluorescence 
detection) but standards are required and thus it is difficult to identify unknown 
structures.
10
  Mass spectrometry (MS) is more sensitive than NMR spectroscopy and X-
ray crystallography, and more selective than chromatography.
10, 11
  Fourier transform ion 
cyclotron resonance (FT-ICR) MS is well known for its high mass accuracy and high 
resolution, and its compatibility with many tandem mass spectrometry (MS/MS) 
fragmentation techniques,
12
 thus potentially it can be a powerful analytical platform for 
structural characterization of glycans.
 
MS ionization methods for biomolecules include fast atom bombardment (FAB), 
matrix-assisted laser desorption/ionization (MALDI), and electrospray ionization (ESI).  
FAB is much more energetic and less sensitive than MALDI and ESI, and is therefore 
currently used infrequently for glycan analysis.
13
  At present, MALDI is the most used 
ionization method for MS analysis of glycans.  Advantages of MALDI include 
convenience, high sensitivity, and tolerance to buffers and detergents.  Sialic acid 
stabilization is an important problem and can be solved by chemical derivatization, such 
as permethylation.
11
  However, this approach is challenging for low sample amounts 
(such as cell subpopulations, e.g., cancer stem cells) due to incomplete reactions, side 
reactions, and losses in the derivatization and the following clean-up process.  On the 
other hand, ESI is an extremely soft ionization method in which sample solution is 
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sprayed through a needle supplied with an appropriate electrical potential (3-6 kV) to 
form singly or multiply charged gas-phase ions.  In addition, because of its liquid-based 
nature, ESI is directly compatible with liquid chromatography in contrast to MALDI.
 
Following ionization, gas-phase fragmentation of glycans via MS/MS can 
generate extensive structural information through specific bond cleavages and unique 
fragmentation pathways.  Most glycan tandem mass spectra are still generated by 
collision activated dissociation (CAD) in which selected precursor ions are activated by 
inelastic collisions with inert gas.  CAD has the advantages of high fragmentation 
efficiency and wide availability.
12,14
  In CAD, vibrational energy is increased and 
distributed over all vibrational degrees of freedom, thus preferentially cleaving the 
weakest chemical bonds.  Infrared multiphoton dissociation (IRMPD) is also used in 
glycan structural analysis, although not as widely as CAD.
12, 15, 16
  These two “slow 
heating” techniques generally result in predominant glycosidic bond cleavages (B, Y, C, 
Z-type fragments as defined by Domon and Costello
17
) for protonated glycans;
17, 18
 
however, in order to gain more detailed structural information such as glycan branch 
positions and specific linkages, cross-ring cleavages (A and X-type fragments
17
) are 
highly needed.  Two available CAD based strategies to increase cross-ring cleavages are 
high energy CAD
19, 20
 and metal ligation of oligosaccharides combined with CAD.
21, 22
  
However, high energy CAD involves extensive ion scattering (causing signal loss) and 
generally produces complex spectra in which glycosidic cleavages can be much more 
prevalent than cross-ring cleavages.
23
  Negative ion mode MS/MS can be advantageous 
for acidic (e.g., sialylated, sulfonated, or phosphorylated) carbohydrates due to higher 
ionization efficiency for such species.  In addition, negative ion mode CAD has been 
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reported to generate less in-source fragmentation,
24
 and less internal but more diagnostic 




Our group has shown that electron capture dissociation (ECD) of metal-adducted 
underivatized oligosaccharides produces complementary fragmentation patterns 
compared with CAD and IRMPD of the same species, thus demonstrating utility of ECD 
for glycan structural analysis.
29
  O’Connor and co-workers have also shown that “hot” 
ECD of permethylated glycans is highly complementary to CAD of the same species.
30
  
Other activation methods, including postsource decay (PSD),
31
 electron detachment 
dissociation (EDD),
32-34
 electron transfer dissociation (ETD),
35
 and ultraviolet 




 or 355 nm,
38
 have all been reported for 
structural determination of glycans.  
 
However, in spite of all these exciting achievements, challenges and limitations 
still remain in the area of mass spectrometry-based structural characterization of glycans.  
For example, desirable cross-ring cleavages that are crucial for identification of 
branching and linkage are elusive with conventional MS/MS techniques such as positive 
ion mode CAD.  Migration/rearrangement of monosaccharide residues has also been 
reported in CAD MS/MS of glycans, thus yielding false structural information.
39, 40
  On 
the other hand, more structurally informative activation methods such as ECD, EDD and 
ETD require multiply charged precursor ions, but glycans are typically more difficult to 
multiply ionize than, e.g., peptides due to lack of acidic or basic sites.  Data interpretation 
for these ion-electron or ion-ion activation methods is also complex and tedious. In 
addition, the low fragmentation efficiency in ECD, EDD and ETD can pose a problem.  
Therefore, alternative MS/MS activation techniques are still in high need for generating 
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more informative fragments, particularly for singly charged glycan cations, which are 
frequently the most abundant species observed in both ESI and MALDI of glycans. 
Electron induced dissociation (EID) has been shown to generate complementary 





















  EID involves irradiation of singly (or multiply) charged cations or 
anions with >10 eV electrons and  was first applied to oligosaccharides by Aberth and 
Burlingame in 1990.
52
  More recently, Budnik et al applied EID with 10-13 eV electrons 
to several chitooligosaccharides in the forms [M + 2H]
2+
, [M + Na]
+
, and [M + H]
+
.  
Diverse product ions, including several 
1,5
X-type fragments, were observed following 
EID without ionization or electron capture.
46
  Amster and co-workers performed EID of 
singly deprotonated GAGs to differentiate fragmentation pathways involving radical-
driven dissociation and electronic/vibrational excitation in EDD of the same molecules.
47
  
EID is generally believed to involve both vibrational and electronic excitation without 
ionization (which would form neutral for anions).  Costello, Lin and co-workers
53
 have 
proposed an alternative mechanism, involving ionization followed by recapture of a low 
energy electron, i.e., electronic excitation dissociation (EED),
54
 for activation of metal-
adducted permethylated glycans following irradiation with >10 eV electrons.  Here, EID 
is applied to singly protonated non-permethylated glycan cations with and without 
aromatic labels to yield valuable structural information.  Some mechanistic insight into 




 Experimental Section 4.2
4.2.1 Sample Preparation 
Lacto-N-difucohexaose I (LNDFH I), lacto-N-fucopentaose (LNFP I), p-Lacto-N-
hexaose  (pLNH), lacto-N-hexaose (LNH), LS-tetrasaccharide B (LSTb), and an asialo 
galactosylated, biantennary glycan (NA2) (all from V-Labs, Inc., Covington, LA) were 
either used without fluorescent labeling or labeled with 9-aminofluorene (9FL), 2-amino 
benzamide (2AB), or 2-anthranilic acid (2AA) (all labels from Sigma-Aldrich, St. Louis, 
MO, see structures in Scheme 1.1) according to protocols adapted from previous 
literature
55, 56
 as briefly outlined below.  All chemicals for the labeling reactions were 
purchased from Sigma-Aldrich (St. Louis, MO). 
4.2.2 9FL Labeling of Glycans 
400 nmol 9-aminofluorene hydrochloride was dissolved in 200 L deionized 
water, to which 400 nmol NaHCO3 was added followed by incubation at room 
temperature for ten minutes.  The resulting suspension was dried under vacuum and re-
dissolved in 100 L methanol.  0.05 mmol NaCNBH3 and 5 L glacial acetic acid were 
then added into the solution and this reagent was immediately added to the glycan 
solution (200 nmol glycan in 50 L deionized water) followed by incubation in a water 
bath at 80 ℃ for 2 hours.  The cooled solution was dried under vacuum and redissolved 




4.2.3 2AA Labeling of Glycans 
Two nmol oligosaccharide was dissolved in 60 L 2-AA labeling reagent (30 mg 
2AA, 20 mg sodium cyanoborohydride, 20 mg boric acid, and 40 mg sodium acetate 
dissolved in 1 mL MeOH) and incubated in a water bath at 80 ℃ for 1 hour.  
4.2.4 2AB Labeling of Glycans 
Two nmol oligosaccharide was dissolved in 60 L 2-AB labeling reagent (0.35 M 
2AB, 1 M sodium cyanoborohydride in 30% glacial acetic acid, 70% DMSO (v/v)) and 
incubated in a water bath at 65 ℃ for 2 hours.  
 
Scheme 4.1 Structures of 2-anthranilic acid (2AA), 2-amino benzamide (2AB), and 9-
aminofluorene (9FL). 
 
4.2.5 Desalting of Labeled Glycans 
After derivatization, labeled glycans were cleaned up with SPE graphitized 
carbon column (Alltech). Columns were first equilibrated with 80% ACN, 0.1% formic 
acid (3 mL), and then washed stepwise with H2O (3 mL). Sample solution was then 
slowly loaded onto the equilibrated and washed cartridge. After washing with 3-5 mL 
H2O, 9FL- or 2AB- or 2AA- labeled glycans were eluted with 40% ACN, 0.1% formic 
acid, and 60% ACN, 0.1% formic acid stepwise, and then dried down under SpeedVac. 
9-aminofluorene (9FL)Anthranilic Acid (2-AA) Anthranilamide (2-AB)
123 
 
2AB- or 2AA-labeled glycans mostly elute with 40% ACN, 0.1% formic acid. 9FL-
labeled glycans mostly elute with 60% ACN, 0.1% formic acid. 
4.2.6 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 
After desalting with SPE graphitized carbon columns (Alltech, Nicholasville, 
KY), labeled glycans were dried under vacuum and reconstituted in spray solution (50:50 
methanol:H2O, 0.5% formic acid) for analysis in positive ion mode.  Singly protonated 
glycans, [M + H]
+
, were generated by external electrospray ionization (ESI) at 70 μL/h 
(Apollo II dual-stage ion funnel ion source, Bruker Daltonics, Billerica, MA).  All 
experiments were performed on a 7 Tesla quadrupole-FT-ICR mass spectrometer 
(APEX-Q, Bruker Daltonics, Billerica, MA).  A heating current of 1.8 A was applied to 
the cathode.  EID was performed inside the ICR cell with a cathode bias voltage of - 11 
to - 21 V for 0.3 - 0.5 s.  CAD was performed in the collision cell at a collision voltage of 
- 5.5 to - 35 V.  Mass spectra were acquired with 512k data points and summed over 64 
or 100 scans for EID and 32 or 64 scans for CAD (depending on the abundance of the 





4.2.7 Data Analysis 
Data processing was performed with Data Analysis software (Bruker Daltonics, 
Billerica, MA).  Calibration was performed internally based on the observed and 
calculated m/z ratios of the precursor ion and one expected product ion.  Data were 
analyzed manually with the aid of GlycoWorkbench software.
57
  Product ions were not 
assigned unless the S/N ratio was at least 3.  Fragmentation efficiency was calculated 
according to: 
 
∑      
           
                                                           (1)  
in which I (fi) is the summed product ion abundance (charge state normalization 
is unnecessary as all fragments are singly charged) and Pi (before) is the precursor ion 
abundance in a separate spectrum prior to dissociation. 
 Results and Discussion   4.3
The standard symbolic representation of monosaccharides established in 
Glycobiology
58
 is used below.  
4.3.1 CAD vs. EID of 9FL-Derivatized Glycans   
Figure 4.1 shows CAD and EID spectra of 9FL-derivatized LNDFH, a branched 
neutral glycan with two fucose residues.  As expected, CAD (see Figure 4.1 a) only 
produced glycosidic fragments, mostly Y-type but also two B/Y-type internal fragments 
from vibrational excitation.  Despite yielding high sequence coverage, these Y-type 
fragments only provide information about the presence of monosaccharides but 
unfortunately do not provide any information about branching or linkage.  Fucose 
migration peaks (ions at m/z 492 and m/z 654 as previously reported
55
 and m/z 1003, 
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assigned as Y1, Y2, and Y3 fragments with an additional fucose attached to the reducing 
end, respectively) are observed in CAD at significant abundance, ranging from 0.3 to 
10% (relative to all the other fragments).  The mechanism of fucose migration in 
fluorescently modified protonated glycan cations has been proposed, based on both 
experimental observations and modeling, to involve a two-step proton-catalyzed process: 
First, protonation of the introduced amine group is followed by intramolecular proton 
transfer to the glycosidic bond, and subsequent cleavage of the activated glycosidic bond 
aided by nucleophilic sites, such as hydroxyl or amine groups.  Second, fucose transfer is 
promoted to either the monosaccharide adjacent to the fluorescent tag, or to the tag 
itself.
55
  The resulting structurally rearranged species introduce ambiguity.   
EID of the same precursor ions yielded very different fragmentation behavior (see 
Figure 4.1 b).  In addition to enhanced glycosidic fragmentation (B-, Z-, and Y-type) and 
more internal fragments (B/Z/Y, B/Y/Y, Z/Z, Y/Z, B/Y, and C/Z), four characteristic X-
type cross-ring cleavages were produced, yielding additional sequence information.  All 
three fucose migration peaks were significantly reduced in EID compared with CAD to a 
range of 0.3-0.8% (relative abundance among all fragments).  Table 4.1 summarizes the 
differences between CAD and EID of 9FL-LNDFH.  As illustrated in this Table, in 
addition to the extensive glycosidic fragments, 18 more fragments are observed in EID 
than in CAD of the same singly protonated 9FL-derivatized glycan cations, including 
both glycosidic and cross-ring cleavages.   The EID fragmentation efficiency for 9FL-
LNDFH was 76 (or 58% if not considering the abundant fragment corresponding to loss 
of the tag) whereas the CAD fragmentation efficiency under the conditions used was 
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46%.  EID generates complementary structural information compared with CAD, which 





























































































Figure 4.1 CAD and EID of 9-aminofluorene-labeled lacto-N-difucohexaose I (9FL-
LNDFH): (a) CAD, (b) EID.  For both spectra, precursor ions are labeled [M + H]
+
.  *: 
noise; n3: third harmonic peaks.  Bold font indicates fragments that are unique to CAD or 
EID. Peaks highlighted in red are migration peaks that lead to false structure elucidation.  





Table 4.1 Comparison of fragments observed in CAD and EID of 9FL-LNDFH.  
Percentage values in parentheses indicate relative abundance among all observed 
fragments.  Fragments highlighted in bold on the right under “EID” are those unique to 
EID and are not observed in CAD.  Fucose migration fragments (fucose represented by 
red triangles) and X-type cross-ring fragments are highlighted in red. 
 
 
Similar to 9FL-LNDFH, EID of 9FL-LNFP generates complementary structural 
information by producing characteristic glycosidic and cross-ring cleavages that can only 
be observed in EID.  In addition to B, C, Z glycosidic cleavages that completely cover the 
glycan sequence, four 
1,5
X-type cross-ring fragments confirms the sequence.  
Furthermore, fucose migration peaks are reduced in EID (see Figure 4.2), although not 
completely prevented.  
1,5
X fragments have been reported frequently in high energy 
CAD. 
59
  Such similarity between EID and high energy CAD fragmentation outcomes 
indicates a similar mechanism of EID and that of high energy CAD, which is believed to 





































Y1 +     : m/z 492 (3.8%)
Y2 +    : m/z 654 (9.9%)
Y3α + : m/z 1003 (0.32%)
Y1 +     : m/z 492 (0.7%)
Y2 +     : m/z 654(0.8%)























































































Figure 4.2 CAD and EID of 9-aminofluorene-labeled lacto-N-fucopentaose I (9FL-
LNFP): (a) CAD, (b) EID.  For both spectra, precursor ions are labeled [M + H]
+
. *: 
noise; n3: third harmonic peaks.  Bold font indicates fragments that are unique to CAD or 
EID.  Peaks highlighted in red are migration peaks that lead to false structure elucidation.  
Three migration peaks were observed for 9FL derivatized LNDFH in CAD, while two of 
them were also observed in EID.  Migration peaks were much less abundant in EID than 
in CAD. 
 
Figure 4.3 compares CAD and EID of 9FL–LNH, a branched neutral glycan.  In 
the CAD spectrum, all fragments correspond to glycosidic cleavages such as Y-, B-, Y/Z-
, Y/Y-, and Z/Z-types while, in the EID spectrum, in addition to more glycosidic 
fragments such as B2x/Y3x (C2x/Z3x), B2x/Z3x, C2x, B3/Y2x, C3, and Z3x, cross-ring 

















































































Figure 4.3 CAD and EID of 9-aminofluorene-labeled lacto-N-hexaose (9FL-LNH): (a) 
CAD, (b) EID.  For both spectra, precursor ions are labeled [M + H]
+
. *: noise; n3: third 
harmonic peaks.  Bold font indicates fragments that are unique to CAD or EID. 
 
Similar results were obtained in EID of acidic glycans, as shown in Figure 4.4 for 
LSTb, an acidic branched glycan with a sialic acid (Neu5Ac) at the non-reducing end.  
Due to this sialic acid, lower ionization efficiency was observed for LSTb in its native 
form compared with the neutral glycans discussed above.  However, following 9FL 
derivatization, ionization efficiency improved, presumably due to the increased 
hydrophobicity.  CAD of 9FL-derivatized LSTb only generated several low abundance 
Y-type product ions in addition to abundant Neu5Ac loss (Y3).  Facile Neu5Ac loss 
prevented generation of more informative fragments.  By contrast, in EID of the same 
singly protonated precursor ion, a higher variety of fragments was produced.  All the Y-
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type fragments detected in CAD could also be observed in EID.  In addition, several Z-, 
B-type and internal fragments were unique to EID.  A combination of B2/Y3, B2/Y3, 
























































Figure 4.4 CAD and EID of 9-aminofluorene-labeled LS-tetrasaccharide B (9FL-LSTb): 
(a) CAD, (b) EID.  For both spectra, precursor ions are labeled [M + H]
+
. *: noise; n3: 
third harmonic peaks.  Bold font indicates fragments that are unique to CAD or EID. 
 
4.3.2 CAD vs. EID of Underivatized Glycans   
EID was also applied to underivatized oligosaccharides, including LNDFH, 
LNFP, LNH, LSTb, and an N-linked glycan (NA2).  CAD and EID spectra of 






Figure 4.5 CAD and EID of lacto-N-difucohexaose I (LNDFH): (a) CAD, (b) EID.  For 
both spectra, precursor ions are labeled [M + H]
+
. *: noise; n3: third harmonic peaks.  



































































Figure 4.6 CAD and EID of lacto-N-fucopentaose I (LNFP): (a) CAD, (b) EID.  For both 
spectra, precursor ions are labeled [M + H]
+
. *: noise; n3: third harmonic peaks.  Bold 


























































Figure 4.7 CAD and EID of lacto-N-hexaose (LNH): (a) CAD, (b) EID.  For both 
spectra, precursor ions are labeled [M + H]
+
. *: noise; n3: third harmonic peaks.  Bold 



























































Figure 4.8 CAD and EID of LS-tetrasaccharide B (LSTb): (a) CAD, (b) EID.  For both 
spectra, precursor ions are labeled [M + H]
+
. *: noise; n3: third harmonic peaks.  Bold 






























































Figure 4.9 CAD and EID of an asialo, galactosylated, biantennary glycan (NA2): (a) 
CAD, (b) EID.  For both spectra, precursor ions are labeled [M + H]
+
. *: noise; n3: third 
harmonic peaks.  Bold font indicates fragments that are unique to CAD or EID. 
 
For CAD and EID of underivatized LNDFH (Figure 4.5) and LNFP (Figure 4.6), 
no migration peaks were observed in either CAD or EID.  Without 9FL derivatization, 
CAD fragmentation efficiency for underivatized LNDFH was 104% whereas EID 
fragmentation efficiency was only 15%.  Given that fucose migration peaks were 
observed in both CAD and EID (although to a lower extent in EID) of 9FL-derivatized 
glycans, reducing end derivatization appears to play a role in the phenomenon of gas-
phase saccharide migration.  For LNDFH, LNFP, and LNH (see Figure 4.7) EID 
provided complementary structural information by generating unique bond cleavages that 







































































































fragments were glycosidic cleavages from vibrational excitation, suggesting a critical 
effect of the aromatic tag in the EID activation process.  For LSTb (see Figure 4.8), CAD 
produced more fragments than EID.  However, because LSTb is an acidic glycan, low 
ionization efficiency in positive ion mode may be the reason for the low fragmentation 
efficiency (~5%) and limited structural information from EID alone.  Although two 
additional fragments, B3 (Z3) and C3 (Y3), were generated only in CAD but not in EID 
of the same precursor ion, these two fragments did not add any structural information.  
For NA2 (see Figure 4.9), an N-linked glycan with a higher mass than previously 
examined oligosaccharides, EID also yielded more structural information compared with 
CAD, including nine additional fragments (two Z and C-type glycosidic cleavages and 
several B/Z-, Y/Z-, Y/Y-type internal cleavages). 
Although EID of underivatized glycans did not yield cross-ring cleavages as in 
EID of 9FL derivatized glycans, EID still provides complementary fragmentation 
compared with CAD for underivatized glycans.  This observation indicates a significant 
effect of the reducing end aromatic label in the EID process and thus we became 
interested in studying other fluorescent labels. 
4.3.3 Effect of Different Fluorescent Tags in EID Fragmentation   
In order to further study the effect of reducing end derivatization and potentially 
gain further insight into the EID mechanism, additional fluorescent tags were used for 
reducing end labeling prior to EID.  
Figure 4.10 compares CAD and EID of 2AB-labeled NA2. The advantage of EID 
over CAD is quite obvious for this relatively larger glycan.  CAD parameters were 
optimized with a decreased time-of-flight between the collision cell and the ICR cell (1.5 
137 
 
rather than 1.7 ms), higher collision cell RF amplitude (620 rather than 350 V), higher 
collision voltage (- 25 rather than - 14.5 V), and higher source ion accumulation time (7 
rather than 2 s), to obtain the largest variety of fragments.  However, only two B-type and 
three Y-type glycosidic fragments were generated, corresponding to poor sequence 
coverage and no branching information.  The majority of the observed CAD product ions 
were Y/Y- and B/Y-type internal fragments which, in this case, do not add any structural 
information but congest the spectrum.  Without the aforementioned CAD optimization, 
only two glycosidic fragments (B- and Y- type) were observed, even for complete 
precursor ion depletion at higher collision voltage.  In contrast, EID of the singly 
protonated 2AB-derivatized NA2 cation produced extensive glycosidic fragments as well 




X3 together provide valuable 
information about branching.  To further compare EID with slow-heating MS/MS 
activation, IRMPD was also performed on the same precursor ions (see Figure 4.11 and 
Table 4.2).  Compared with CAD, more fragments were observed in IRMPD, presumably 
due to increased secondary fragmentation.  All fragments produced from IRMPD were 
also observed in EID.  In addition, EID generated fourteen more cleavages, including 
cross-ring cleavages that could only be observed in EID.  In summary, EID yielded 
important additional structural information by generating unique glycosidic cleavages 
and cross-ring cleavages, which further confirmed the composition and sequence, 




































































































Figure 4.10 CAD and EID of a 2-amino benzamide-labeled asialo, galactosylated, 
biantennary glycan (2AB-NA2): (a) Improved CAD (d2 = 1.5 ms), (b) EID.  For both 
spectra, precursor ions are labeled [M + H]
+
. *: noise; n3: third harmonic peaks.  Bold 










































































































Figure 4.11 IRMPD and EID of a 2-amino benzamide-labeled asialo, galactosylated, 
biantennary glycan (2AB-NA2): (a) IRMPD, (b) EID.  For both spectra, precursor ions 
are labeled [M + H]
+
. *: noise; n3: third harmonic peaks.  Bold font indicates fragments 




Table 4.2 Comparison of fragments observed in IRMPD and EID of a 2-amino 
benzamide-labeled asialo, galactosylated, biantennary glycan (2AB-NA2).  Fragments 
highlighted in bold on the right under “EID” are those unique to EID and are not 
observed in IRMPD. 
 
 
Table 4.3 summarizes EID results for LNDFH labeled with different fluorescent 
tags (2AA, 2AB, and 9FL).  CAD and EID spectra of 2AA-LNDFH and 2AB-LNDFH 
are shown in Figures 4.12-4.13. Overall, EID generated more fragments from 2AA to 
2AB to 9FL.  Fucose migration peaks were decreased from 2AA to 2AB to 9FL as well.  
We hypothesize that 9FL labeling results in richer EID product ion spectra due to its 
more conjugated structure compared with 2AA and 2AB, thereby facilitating electronic 
excitation in EID.  The differences observed between the 2AA and 2AB labels with 
similar structures, may be related to the corresponding ionization efficiency: 2AA, which 
is more acidic than 2AB, is more difficult to ionize in positive ion mode.  CAD and EID 
fragmentation efficiencies for 2AB and 2AA derivatized LNDFH were 35 and 14%, 






































B2/Z5 (B5/Z2) (B6/Z1) - H2O
B2/Z5 (B5/Z2) (B6/Z1)
















CAD and 20% in EID. Labeling with 9FL increased EID fragmentation efficiency the 
most compared with CAD. 
 
Table 4.3 Effects of different fluorescent tags (2AA, 2AB, 9FL) in EID of reducing end-
labeled LNDFH.  Percentage values in parentheses indicate relative abundance among all 
observed fragments.  Fragments in bold in the sub-column on the right under “9FL”are 
unique to EID of 9FL-derivatized LNDFH.  Cross-ring cleavages and fucose migration 























































1,5X4 ) (1.6%) 
Y2 +      :m/z 610 (2.4%)
Y3 +     : m/z 959 (N/A)
Y1 +     : m/z 447 (2.2%)
Y2 +      : m/z 609 (4.3%)
Y3α + : m/z 958 (N/A)
Y1 +     : m/z 492 (0.7%)
Y2 +     : m/z 654 (0.8%)




Figure 4.12 CAD and EID of a 2-anthranilic acid-labeled lacto-N-difucohexaose I (2AA-
LNDFH): (a) CAD, (b) EID.  For both spectra, precursor ions are labeled [M + H]
+
. *: 















































































Figure 4.13 CAD and EID of a 2-amino benzamide-labeled lacto-N-difucohexaose I 
(2AB-LNDFH): (a) CAD, (b) EID.  For both spectra, precursor ions are labeled [M + 
H]
+
. *: noise; n3: third harmonic peaks.  Bold font indicates fragments that are unique to 
CAD or EID. 
 
EID of underivatized NA2 was also compared with EID of 2AB-labeled NA2, as 
shown in Table 4.4.  EID of 2AB-labeled NA2 produced many more fragments compared 
to that of underivatized NA2, including three glycosidic, eleven internal cleavages, and 


















































































Table 4.4 Comparison of fragments observed in EID of unlabeled and 2-amino 
benzamide-labeled NA2 (2AB-NA2).  Fragments in bold in the sub-columns on the right 
under “underivatized” and “2AB” are unique fragments that were only observed in EID 





EID was applied towards singly protonated non-permethylated glycan cations for 
structural characterization.  Results show that EID produces complementary structural 
information compared with CAD.  Fragmentation in EID is enhanced, including more 
abundant B-, C-, Y-, and Z-type glycosidic cleavages, internal cleavages, as well as 
characteristic cross-ring cleavages that can only be observed in EID but not in CAD, nor 
in IRMPD.  Such cross-ring fragments either confirm glycan sequence or are essential for 
determination of branching.  
1,5
X-type cross-ring cleavages are more common than other 
X-type product ions in EID, similar to high-energy CAD.
59
  This observation indicates 
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electronic excitation.  Fucose-migration fragments
55
 are significantly less abundant in 




 sec) than 
CAD.  EID of fluorescently labeled glycans produces more fragments than that of 
underivatized glycans, and 9FL produces more fragments than 2AB or 2AA labeling, 
presumably because a more conjugated structure facilitates electronic excitation. 
Although this work involved ESI, EID should also be suitable for MALDI-generated 
glycan cations because it does not require multiply charged precursor ions. 
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 Electron Induced Dissociation (EID) of Singly Deprotonated  Chapter 5




 Glycans constitute one of the three major classes of biomolecules with the other 
two being proteins and nucleic acids.  For most living organisms, carbohydrates are not 
only the major structural support, but also the major energy source.  In addition, 
carbohydrates and glycoconjugates are involved in a number of biological processes, 
including host-pathogen interactions, cell communication, proliferation and 
differentiation as well as initiation of immune response.
1-4
  In order to fully understand 
the key roles glycans play in various cellular processes, knowledge of only the sequence 
of these compounds is far from sufficient.  The linkage, degree of branching, and 
stereochemistry should also be determined. 
Traditionally, nuclear magnetic resonance (NMR) spectroscopy, X-ray 
crystallography, and gas chromatography/mass spectrometry (GC/MS) have all been 
utilized for structural characterization of glycans.
5
  However, these analytical approaches 
are not capable of achieving the high sensitivity required in glycoproteomics.  On the 
other hand, electrospray ionization and matrix-assisted laser desorption/ionization 
(MALDI) tandem mass spectrometry have emerged as promising tools for structural 
elucidation.  Modern mass spectrometers provide not only high sensitivity and high 
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selectivity, but also superior precision and resolution, all of which are particularly 
valuable for structural characterization of carbohydrates and carbohydrate conjugates, 
due to the highly complex nature and limited quantity of these molecules.   
  Two types of bond cleavages occur in carbohydrate MS/MS:
6
 Glycosidic 
cleavages between neighboring monosaccharide residues, resulting in B, C, Y, and Z-
type ions and cross-ring cleavages, occuring within one monosaccharide residue.  
Glycosidic cleavages provide valuable information about glycan composition but cross-
ring cleavages are necessary for determining linkage and branching.  However, such A- 
and X-type cross-ring fragments are more elusive as higher energy is required to cleave 
two chemical bonds. 
Electron capture dissociation (ECD)
7-9
, electron transfer dissociation (ETD)
10, 11
 
and electron detachment dissociation (EDD)
12, 13
 have demonstrated significant 
advantages in generating cross-ring cleavages.  Such ion-electron or ion-ion reactions 
provide complementary structural information to vibrational activation such as collision 
activation dissociation (CAD) and infrared multiphoton dissociation (IRMPD).  
ECD,ETD, and EDD all involve charge reduction and, therefore, these techniques require 
multiply charged precursor ions.  This requirement can be challenging in carbohydrate 
analysis, because oligosaccharides frequently do not contain acidic or basic sites.  
Electron induced dissociation (EID) is an MS/MS activation technique 
compatible with singly charged precursor ions.
14-22
   In this technique, singly charged 
cations or anions are irradiated with >10 eV electrons to generate vibrational and 
electronic excitation without charge neutralization.  Chapter 4 demonstrated positive ion 
mode EID of singly protonated glycans, generating enhanced fragmentation with less 
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fucose migration and additional cross-ring cleavages compared with CAD of the same 
species. Aromatic labels are found to have an essential effect in influencing EID 
fragmentation. More conjugated structure facilitates electronic excitation and therefore 
yield additional cleavages.  In this Chapter, glycan EID is extended to negative ion mode.  
Negative mode MS/MS techniques have previously shown advantages such as lack of 
fucose migration, and more cross-ring cleavages.
23, 24
  In addition, acidic analytes, such as 
glycans containing sialic acids, ionize more readily in negative ion mode.  Sialic acids 
have been shown to play a significant role in cancer progression and metastasis with 
many cancer-related glycans containing sialic acids.
25
 
 Experimental Section 5.2
5.2.1 Sample Preparation 
Lacto-N-difucohexaose I (LNDFH I), lacto-N-fucopentaose (LNFP I), lacto-N-
hexaose (LNH), LS-tetrasaccharide A (LSTa), LS-tetrasaccharide B (LSTb), LS-
tetrasaccharide C (LSTc), and an asialo biantennary glycan (NA2) (all from V-Labs, Inc., 
Covington, LA) were either used in their underivatized state, or labeled with 9-
aminofluorene (9FL), 2-amino benzamide (2AB), or 2-anthranilic acid (2AA) (all labels 
from Sigma-Aldrich, St. Louis, MO) according to protocols adapted from previous 
literature, as briefly outlined below.
26-28
  All chemicals for the labeling reactions were 
purchased from Sigma-Aldrich. 
5.2.2 9FL Glycan Labeling 
400 nmol 9-aminofluorene hydrochloride was dissolved in 200 L deionized 
water to which 400 nmol NaHCO3 was added followed by incubation at room 
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temperature for ten minutes.  The resulting suspension was dried under vacuum and re-
dissolved in 100 L methanol.  0.05 mmol NaCNBH3 and 5 L glacial acetic acid were 
then added to the solution and this reagent was immediately added to the glycan solution 
(200 nmol glycan in 50 L deionized water) followed by incubation in a water bath at 80 
℃ for 2 hours.  The cooled solution was dried under vacuum and redissolved in 100 L 
deionized water for subsequent desalting. 
5.2.3 2AA Glycan Labeling 
Two nmol oligosaccharide was dissolved in 60 L 2-AA labeling reagent (30 mg 
2AA, 20 mg sodium cyanoborohydride, 20 mg boric acid, and 40 mg sodium acetate 
dissolved in 1 mL MeOH) and incubated in a water bath at 80 ℃ for 1 hour. 
5.2.4 2AB Glycan Labeling 
Two nmol oligosaccharide was dissolved in 60 L 2-AB labeling reagent (0.35 M 
2AB and 1 M sodium cyanoborohydride in 30% glacial acetic acid and 70% DMSO 
(v/v)) and incubated in a water bath at 65 ℃ for 2 hours. 
5.2.5 Desalting of Labeled Glycans 
After derivatization, labeled glycans were cleaned up with an SPE graphitized 
carbon column (Alltech, Nicholasville, KY).  Columns were first equilibrated with 80% 
ACN/0.1% formic acid (3 mL) and then washed stepwise with H2O (3 mL).  Sample 
solution was slowly loaded onto the equilibrated and washed cartridge.  After washing 
with 3-5 mL H2O, 9FL-, 2AB-, or 2AA-labeled glycans were stepwise eluted with 40% 
can/0.1% formic acid followed by 60% can/0.1% formic acid and dried down in a 
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vacuum concentrator.  2AB- and 2AA-labeled glycans mostly eluted with 40% 
ACN/0.1% formic acid whereas 9FL-labeled glycans mostly eluted with 60% 
ACN,/0.1% formic acid. 
5.2.6 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 
Underivatized and dried labeled glycans were dissolved in electrospray solution 
(50:50 methanol:H2O, 0.1% ammonium hydroxide) for analysis in negative ion mode.  
Singly deprotonated unlabeled or labeled glycans, [M - H]
-
, were generated by 
electrospray ionization (ESI) at 70 μL/h (Apollo II dual-stage ion funnel ion source, 
Bruker Daltonics, Billerica, MA).  All experiments were performed with a 7 Tesla 
quadrupole-FT-ICR mass spectrometer (APEX-Q, Bruker Daltonics).  EID was 
performed inside the ICR cell with a cathode heating current of 1.8 A, and a cathode bias 
voltage of - 12 to - 19 V for 2 - 4 s.  CAD was performed in the collision cell at a 
collision voltage of - 5.5 to - 35 V.  Mass spectra were acquired with 512k data points 
and summed over 64 scans or 100 scans.      
5.2.7 Data Analysis  
Data processing was performed with Data Analysis software (Bruker Daltonics).  
Calibration was performed internally by using the two most confident ions (one is the 
precursor ion, the other is a product ion). Data were analyzed manually with the aid of 
GlycoWorkbench software.
29




 Results and Discussion   5.3
The standard symbolic representation of monosaccharides established in 
Glycobiology
30
 is used in the Figures below. 
5.3.1 CAD and EID of Unlabeled and 9FL-Labeled Deprotonated LNDFH 
Negative ion mode CAD and EID of unlabeled LNDFH are shown in Figure 5.1.  
CAD was optimized to generate the highest variety of fragments.  The optimized 
collision voltage for underivatized LNDFH was 12.5 V compared with – 5.5 V in positive 
ion mode.  The higher energy required to effectible dissociate the anion is likely due to 
the absence of a mobile proton in negative ion mode.  Another difference from positive 
ion CAD is that C-type glycosidic cleavages are dominant, as expected from previous 
negative ion CAD of glycans.
31-34
  Specifically, C2, C3, and C4 products are highly 
abundant. A more exciting difference compared with positive ion CAD is that several 




EID of deprotonated LNDFH required longer electron irradiation time than 
positive ion EID, 3 s rather than ~0.5 s (see Chapter 4).  This behavior was not 
unexpected based on the longer irradiation times required in EDD (~1 s) vs. ECD (<100 
ms) and the expected lower EID cross-section in negative ion mode.  Negative ion EID 
resulted in significantly different fragmentation behavior compared with positive ion 
EID.  For LNDFH, several A- and X- type cross-ring cleavages, providing valuable 
structural information, are observed in negative ion EID of the unlabeled oligosaccharide, 
adding whereas no cross-ring cleavages were observed in positive ion EID of unlabeled 
LNDFH and only 
1,5
X-type cross-ring cleavages were detected for fluorescently labeled 
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Figure 5.1 Negative ion MS/MS spectra of underivatized LNDFH.  (a) CAD (100 scans, 
collision voltage 12.5 V);  (b) EID (100 scans, 3 s electron irradiation with a cathode bias 
voltage of - 12 V).  Fragments highlighted in red correspond to cross-ring cleavages and 
fragments highlighted in bold are unique to either negative ion CAD or EID.  *: noise; : 
harmonic peaks. 
 
A summary of negative ion CAD and EID of underivatized LNDFH is shown in 
Table 5.1.  Nine fragments, including B- and C-type products, several internal fragments, 
and one 
0,4
X2 cross-ring fragment are shared between these two negative mode MS/MS 
techniques.  One internal fragment and one water loss ion are unique to CAD, whereas 
four glycosidic cleavages (B2, Z3, Y3, and Y3(or Y4)) and two internal fragments, 
including cross-ring cleavages, are unique to EID.  The additional product ions observed 
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from EID provide more detailed composition, sequence, and branching/linkage 
information. 
Table 5.1 Product ions observed in negative ion CAD and EID of deprotonated 
underivatized LNDFH.  Fragments highlighted in bold on the right under “CAD” and 




CAD and EID of deprotonated 9FL-labeled LNDFH are shown in Figure 5.2.  
9FL labeling enhanced both CAD and EID fragmentation in negative ion mode, similar to 
positive ion mode (Chapter 4).  Negative ion CAD of 9FL-derivatized LNDFH (9FL-
LNDFH) yielded more Y- and Z-type glycosidic cleavages as well as additional cross-
ring fragments.  Of particular interest are cleavages occurring on the second and third 
monosaccharide residue from the non-reducing end: A3 and X2 cross-ring fragments 
provide valuable branching information. 
Similar to negative ion EID of unlabeled LNDFH, the most abundant product ion 
in negative ion EID of 9FL-LNDFH is a C4 ion, corresponding to cleavage between the 





A5) – H2O], and [
0,2
A5 – H2O].  9FL is a conjugated structure with 
two aromatic rings. Such structure facilitates electronic excitation in EID. 





















































Compared with negative ion CAD, negative ion EID of 9FL-LNDFH generated 
complementary and additional structural information: Sixteen product ions, including 
many glycosidic cleavages, cross-ring cleavages, and internal fragments could only be 




























































































Figure 5.2 Negative ion MS/MS of 9FL-derivatized LNDFH (9FL-LNDFH).  (a) CAD 
(100 scans, collision voltage 36.5 V);  (b) EID (100 scans, 3 s electron irradiation with a 
cathode bias voltage of - 12 V).  Fragments highlighted in red correspond to cross-ring 
cleavages and fragments highlighted in bold are unique to either CAD or EID.  *: noise; 




Table 5.2 Products observed in negative ion CAD and EID of 9FL-LNDFH. Fragments 
highlighted in bold on the right under “CAD” and “EID” are unique to either technique 
 
 
5.3.2 CAD and EID of Unlabeled and 9FL-Labeled Deprotonated LNFP 
LNFP is a linear glycan with similar structure as LNDFH but without the fucose 
branch at the N-acetyl glucosamine (GlcNAc) residue.  A series of C-type ions were 
resulted from negative ion CAD of unlabeled LNFP (see Figure 5.3a).  Similar to 
unlabeled LNDFH, the most abundant peak in the CAD spectrum is a C4 ion and the 




A5 cross-ring cleavages are also 
observed in CAD. 
For unlabeled LNFP, unexpectedly, negative ion EID did not generate additional 
cross-ring cleavages compared with CAD (see Figure 5.3b and Table 5.3).  However, two 
additional glycosidic cleavages, Y3 and Y4, and one additional internal fragment 
C4/Y3(C3/Y4) are observed.  These additional glycosidic fragments correspond to 
cleavage of the chemical bonds between the fucose and galactose residues, and the 
galactose and GlcNAc residues. 











































































































Figure 5.3 Negative ion MS/MS of LNFP.  (a) CAD (64 scans, collision voltage 8.0 V);  
(b) EID (64 scans, 2 s electron irradiation with a cathode bias voltage of - 19 V).  
Fragments highlighted in red correspond to cross-ring cleavages and fragments 
highlighted in bold are unique to either CAD or EID.  *: noise; : harmonic peaks. 
 
Table 5.3 Products from negative ion CAD and EID of deprotonated LNFP.  Fragments 






























Deprotonated 9FL-derivatized LNFP underwent extensive fragmentation in 
negative ion CAD and EID (see Figure 5.4).  9FL labeling resulted in more X-type cross-
ring cleavages from negative ion CAD, as shown in Figure 5.4a, but no A-type cross-ring 
cleavages.  Also, more Y- and Z-type glycosidic cleavages were observed in negative ion 
CAD of 9FL-labeled LNDFH compared with unlabeled LNFP.  EID of deprotonated 
9FL-labeled LNFP induced a higher variety of cross-ring cleavages compared with 









Product ions from CAD and EID of singly deprotonated 9FL-labeled LNFP are 
summarized in Table 5.4.  Although CAD generated eight unique fragments, not much 
structural information is gained compared with the unlabeled species.  Z2 and Z4 provide 
the same structural information as Y2 and Y4 although the presence of both product ion 
types may increase sequence confidence.  (Z3 – H2O) is less desired than Z3, which was 
observed in EID.  Overall, EID of the labeled species generated 22 unique fragments, 
including a variety of glycosidic fragments, cross-ring fragments, and internal fragments .  





































































































Figure 5.4 Negative ion MS/MS of 9FL-derivatized LNFP (9FL-LNFP).  (a) CAD (100 
scans, collision voltage 28.0 V);  (b) EID (100 scans, 5 s electron irradiation with a 
cathode bias voltage of - 14 V).  Fragments highlighted in red correspond to cross-ring 
cleavages and fragments highlighted in bold are unique to either CAD or EID.  *: noise; 




Table 5.4 Products from negative ion CAD and EID of 9FL-derivatized LNFP (9FL-
LNFP).  Fragments highlighted in bold on the right under “CAD” and “EID” are unique 
to either technique. 
 
 
5.3.3 CAD and EID of Unlabeled Deprotonated NA2  
For NA2, the simplest N-glycan, EID again demonstrated its preponderance for 
generating structurally informative fragmentation patterns (see Figure 5.5 and Table 5.5).  
Negative ion CAD of unlabeled deprotonated NA2 only generated five fragments, all of 
which could be observed in negative ion EID.  In addition, negative ion EID generated 15 
unique product ions, providing important complementary structural information.  A series 







carry particularly valuable linkage information regarding the branching mannose residue 
and the neighboring GlcNAc residue. 




































































































































Figure 5.5 Negative ion MS/MS of deprotonated NA2.  (a) CAD (100 scans, collision 
voltage 18 V);  (b) EID (100 scans, 3 s electron irradiation with a cathode bias voltage of 
- 12 V).  Fragments highlighted in red correspond to cross-ring cleavages and fragments 




Table 5.5 Products from negative ion CAD and EID of deprotonated NA2.  Fragments 
highlighted in bold on the right are unique to EID. 
 
 
5.3.4 Effect of Different Fluorescent Tags (2AA and 2AB) on Negative Ion CAD 
and EID Fragmentation 
Tags seem to have an effect on CAD negative mode although without a clear 
mechanism being proposed. For example, 9FL derivatization showed a favor for more B- 
and Y-type fragments for negative mode CAD of all the glycans studied in this chapter. 
Similar to our previous positive ion EID experiments (Chapter 4), other fluorescent tags 
than 9FL were examined for potentially enhancing EID fragmentation patterns.  
Compared with 9FL, both 2AB and 2AA only contain one aromatic ring and therefore 
produce less fragments than 9FL in EID, because less conjugated structures cannot 
facilitate electronic excitation as well as the more conjugated structures. Such   Compared 
with both 9FL and 2AB, 2AA is more acidic, which may aid ionization in negative mode. 
2AB-labeled LNDFH fragmented extensively in both negative ion CAD and EID, 
see Figure 5.6 and Table 5.6).  A wide variety of B-, Y-, and Z-type glycosidic cleavages, 













































and five cross-ring cleavages were generated from CAD.  Negative ion EID yielded a 
series of C-type ions, two additional Y-type ions, and one more cross-ring/internal 







































































[M – H]-(b) EID (-)
 
Figure 5.6 Negative ion MS/MS of 2AB-derivatized LNDFH (2AB-LNDFH).  (a) CAD 
(100 scans, collision voltage 34 V);  (b) EID (100 scans, 3 s electron irradiation with a 
cathode bias voltage of - 14 V).  Fragments highlighted in red correspond to cross-ring 
cleavages and fragments highlighted in bold are unique to either CAD or EID.  *: noise; 




Table 5.6 Products from negative ion CAD and EID of 2AB-derivatized LNDFH (2AB-
LNDFH).  Fragments highlighted in bold on the right under “CAD” and “EID” are 
unique toeither technique. 
 
 
2AA-labeled LNDFH showed a straightforward fragmentation pattern in CAD 
than 2AB-labeled LNDFH, by generating a full series of Z and Y products and less 
internal fragments (see Figure 5.7a).  Most of the fragments are Y- and Z-type product 
ions but one cross-ring cleavage is also observed.  By contrast, negative ion EID resulted 
in 14 unique product ions that could not be observed in CAD (see Figure 5.7b and Table 
5.7).  The acidity of 2AA compared with 2AB may contribute to the improved 
fragmentation because of an enhanced ionization and increased S/N ratio. 
CAD (-) EID (-)










































































































Figure 5.7 Negative ion MS/MS of 2AA-derivatized LNDFH (2AA-LNDFH).  (a) CAD 
(100 scans, collision voltage 46 V);  (b) EID (100 scans, 3.5 s electron irradiation with a 
cathode bias voltage of -13 V).  Fragments highlighted in red correspond to cross-ring 
cleavages and fragments highlighted in bold are unique to either CAD or EID.  *: noise; 




Table 5.7 Products from negative ion CAD and EID of 2AA-derivatized deprotonated 
LNDFH (2AA-LNDFH).  Fragments highlighted in bold on the right under “CAD” and 
“EID” are unique to either technique. 
 
 
In summary, similar to positive ion EID (Chapter 4), the choice of chemical tag 
plays a critical role in optimizing EID fragmentation (see Table 5.8 for both positive and 
negative ion mode).  9FL has a more conjugated structure than 2AB or 2AA and 
therefore is hypothesized to have a larger influence on EID whereas the different acidity 
between 2AA and 2AB may also influence EID fragmentation behavior. 
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Table 5.8 Products from  positive and negative ion EID of unlabeled, 2-AA-, 2AB-, and 
9FL-labeled LNDFH.  The first row displays fragments shared between positive and 
negative ion mode whereas the second row displays fragments unique to positive and 
negative ion mode, respectively.  The third row displays fucose migration peaks, which 
were only observed in positive ion EID of labeled LNDFH.  Percentage values in 
parentheses indicate relative abundance among all observed fragments. 
 
 
5.3.5 Isomer Differentiation by CAD or EID of Unlabeled or Labeled 
Deprotonated Glycans 
5.3.5.1 Differentiation of the Isomers LNH and pLNH 
LNH and pLNH are both composed of six monosaccharides, including three 
galactose, two GlcNAc, and one glucose residue.  However, LNH is a branched glycan 
with branching occurring at the second monosaccharide from the reducing end (see 
Figure 5.8), whereas pLNH is linear.  The cross-ring fragments A3 and X1 are particularly 
valuable for differentiating these two isomers. Positive mode CAD and EID were not able 
to generate such informative cross-ring cleavages. Only 
1,5
X-type fragments were 
observed in positive mode EID. 
unlabeled 2-AA 2-AB 9FL






































































































































































Y2 +     (2.4%) Y1 +     (2.2%)
Y2 +       (4.3%)
Y1 +       (0.7%)
Y2 +       (0.8%)
Y3α +        (0.26%)
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On the other hand, critical cross-ring cleavages were observed in both CAD and 
EID of singly deprotonated unlabeled LNH (Figure 5.8).  Negative ion MS/MS generated 
a higher variety of fragments compared with positive ion CAD and EID, even with 9FL 
















X1 - H2O) (highlighted in pink in Table 








































































































Figure 5.8 Negative ion MS/MS of singly deprotonated LNH.  (a) CAD (100 scans, 
collision voltage 10 V);  (b) EID (100 scans, 4 s electron irradiation with a cathode bias 
voltage of - 12 V).  Fragments highlighted in bold are unique to either CAD or EID.  *: 




Table 5.9 Products from negative ion CAD and EID of singly deprotonated LNH.  
Fragments highlighted in bold are unique to either CAD or EID and fragments in pink are 
valuable for isomer differentiation. Underlined: H rearrangement. 
 
 
9FL-derivatization of LNH (9FL-LNH) also resulted in several cross-ring 


















A3), which all contribute to isomer differentiation 






































































































Figure 5.9 Negative ion MS/MS of singly deprotonated 9FL-LNH.  (a) CAD (100 scans, 
collision voltage 37 V);  (b) EID (100 scans, 3 s electron irradiation with a cathode bias 
voltage of - 14 V).  Fragments highlighted in bold are unique to either CAD or EID.  *: 
noise; Δ: dimer; underlined: H rearrangement.  : harmonic peaks. Fragments in red 
correspond to cross-ring cleavages. 
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Table 5.10 Products from negative ion CAD and EID of singly deprotonated 9FL-LNH.  
Underlined: H rearrangement. Fragments highlighted in bold are unique to either CAD or 
EID and fragments in pink are valuable for isomer differentiation. 
 
 
In summary, in order to differentiate LNH and pLNH, potential useful cross-ring 
cleavages should occur on the Gal monosaccharide (the second monosaccharide from the 
reducing end), which means X1 or A3 ions. In positive and negative mode CAD and EID 




















A3) were all the X1 or A3 ions 
observed (see Figure 5.10). However, 
1,5
X1 which was yielded from positive mode EID 
does not contain the specific linkage and branching information, and therefore is not 



















A3) which were generated from negative mode CAD or EID, cleaves at 
certain particular sites on the particular monosaccharide.  These cross-ring fragmenst are 









1,5X1                                 ~ EID (+)   
0,4X1 (
1,3X1) (
2,4X1)  ~ CAD (-) and EID (-)
3,5A3  ~ CAD (-)
0,4A3 (
1,3A3)(
2,4A3)  ~ CAD (-) and EID (-)
0,3A3 (










Figure 5.10 Summary of cross-ring cleavages generated from CAD and EID (positive or 
negative mode) of unlabeled or 9FL-labeled LNH. Fragments in pink are those useful for 
branching identification and isomer identification. Such useful fragments are also 
illustrated on the LNH glycan structure at the bottom. 
 
5.3.5.2 LSTa, LSTb, LSTc 
LSTa, LSTb, and LSTc are all composed of five monosaccharides (see Figure 
5.11).  LSTb is a branched glycan with two linkages at the 3 and 6 positions on the 
GlcNAc residue.  For LSTb, isomer differentiating cross-ring cleavages correspond to A2 
and X2 fragments.  It is more difficult to differentiate LSTa and LSTc because both are 
linear glycans with the same composition and sequence.  The only differences between 
these two glycans are the linkage between the sialic acid and the Gal, and the linkage 
between the Gal and the GlcNAc (see Figure 5.11).  For differentiating LSTa and LSTc, 




















Figure 5.11 Structures of the isomers LSTa, (a) LSTb (b), and LSTc (c).  Specific 
differences in branching or linkage are highlighted in pink and critical cross-ring 
cleavages are also indicated in pink. 
 
Similar to LNH and pLNH, positive mode CAD and EID were not able to 
differentiate these three siomers. By contrast, egative mode CAD and EID produced 
superior fragmentation. Many cross-ring ions that were useful for isomer differentiation 
were produced and highlighted in pink in the tandem mass spectrometry spectra and the 















X3/Y4) were observed in 







X3) were observed in negative mode EID of 9FL-LSTa (see Figure 5.13 and 
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Table 5.12). These cross-ring cleavages are able to differentiate LSTa because of the 
















































































































Figure 5.12 Negative mode CAD and EID mass spectra of singly deprotonated LSTa. (a) 
CAD (100 scans, collision voltage 35.0 V); (b) EID (100 scans, 3 sec electron irradiation 
with a cathode bias voltage of 15 V). *: noise; Δ: dimer; : harmonic peaks. Fragments 






Table 5.11 Fragmentation summary of negative mode CAD and EID of singly 
deprotonated LSTa. (a) CAD (100 scans, collision voltage 35.0 V); (b) EID (100 scans, 3 
sec electron irradiation with a cathode bias voltage of 15 V). *: noise; Δ: dimer; : 
harmonic peaks. Fragments highlighted in bold are unique to either CAD or EID. 































































































Figure 5.13 Negative mode CAD and EID mass spectra of singly protonated 9FL-LSTa. 
(a) CAD (100 scans, collision voltage 35.0 V); (b) EID (100 scans, 3 sec electron 
irradiation with a cathode bias voltage of 12 V). *: noise; Δ: dimer; : harmonic peaks. 
Fragments highlighted in bold are unique to either CAD or EID. Fragments in pink are 
useful for isomer differentiation. 
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Table 5.12 Fragmentation summary of negative mode CAD and EID of singly 
deprotonated 9FL-LSTa. (a) CAD (100 scans, collision voltage 35.0 V); (b) EID (100 
scans, 3 sec electron irradiation with a cathode bias voltage of 12 V). *: noise; Δ: dimer; 
: harmonic peaks. Fragments highlighted in bold are unique to either CAD or EID. 
Fragments in pink are useful for isomer differentiation. 
 
 
For LSTb, the only branched glycan among these three, negative mode MS/MS 





A2 which were generated in negative mode EID of unlabeled or 





















































































Figure 5.14 Negative mode CAD and EID mass spectra of singly deprotonated LSTb. (a) 
CAD (100 scans, collision voltage 40.5 V); (b) EID (100 scans, 3 sec electron irradiation 
with a cathode bias voltage of 14 V). Fragments highlighted in bold are unique to either 
CAD or EID. *: noise; Δ: dimer; : harmonic peaks. Fragments in pink are useful for 
isomer differentiation. 
 
Table 5.13 Fragmentation summary of negative mode CAD and EID of singly 
deprotonated LSTb. (a) CAD (100 scans, collision voltage 40.5 V); (b) EID (100 scans, 3 
sec electron irradiation with a cathode bias voltage of 14 V). Fragments highlighted in 
bold are unique to either CAD or EID. *: noise; Δ: dimer. Fragments in pink are useful 
































































Figure 5.15 Negative mode CAD and EID mass spectra of singly deprotonated 9FL-
LSTb. (a) CAD (100 scans, collision voltage 41.5 V); (b) EID (100 scans, 3 sec electron 
irradiation with a cathode bias voltage of 12 V). Fragments highlighted in bold are unique 
to either CAD or EID. *: noise; Δ: dimer; : harmonic peaks. Fragments in pink are 




Table 5.14 Fragmentation summary of negative mode CAD and EID of singly 
deprotonated 9FL-LSTb. (a) CAD (100 scans, collision voltage 41.5 V); (b) EID (100 
scans, 3 sec electron irradiation with a cathode bias voltage of 12 V). Fragments 
highlighted in bold are unique to either CAD or EID. *: noise; Δ: dimer. Fragments in 
pink are useful for isomer differentiation. 
 
 












A2 were generated in negative mode CAD or EID of unlabeled LSTc (see Figure 5.16 








A3 were observed in negative mode CAD or EID of 





























































































































Figure 5.16 Negative mode CAD and EID mass spectra of singly deprotonated LSTc. (a) 
CAD (100 scans, collision voltage 10.0 V); (b) EID (100 scans, 1 sec electron irradiation 
with a cathode bias voltage of 15 V). Fragments highlighted in bold are unique to either 





Table 5.15 Fragmentation summary of negative mode CAD and EID of singly 
deprotonated LSTc. (a) CAD (100 scans, collision voltage 10.0 V); (b) EID (100 scans, 1 
sec electron irradiation with a cathode bias voltage of 15 V). Fragments highlighted in 




























































3,5A2 (B4/ Y3) (C4/ Z3)(B3/ Y4) (C3/ Z4)

















Figure 5.17 Negative mode CAD and EID mass spectra of singly deprotonated 9FL-
LSTc. (a) CAD (100 scans, collision voltage 41.5 V); (b) EID (100 scans, 3 sec electron 
irradiation with a cathode bias voltage of 12 V). Fragments highlighted in bold are unique 
to either CAD or EID. *: noise; Δ: dimer; : harmonic peaks. Fragments in pink are 




Table 5.16 Fragmentation summary of negative mode CAD and EID of singly 
deprotonated 9FL-LSTc.  (a) CAD (100 scans, collision voltage 41.5 V); (b) EID (100 
scans, 3 sec electron irradiation with a cathode bias voltage of 12 V). Fragments 
highlighted in bold are unique to either CAD or EID. *: noise; Δ: dimer. Fragments in 
pink are useful for isomer differentiation. 
 
 
In summary, similar to LNH and pLNH, positive mode CAD and EID, although 
generated many valuable fragments, were not able to produce specific cross-ring 
cleavages to help differentiate three isomers. Negative mode CAD and EID generated 
many more varieties of A-, and X-type cleavages. Among these additional fragments, 
many could be used for isomer differentiation.  
 Conclusions 5.4
In this chapter, EID was successfully applied to singly deprotonated glycans for 
structural characterization. Application of EID was extended to negative mode. Similar to 
positive ion mode, negative mode EID enhances fragmentation and provides 
complementary structural information compared to negative mode CAD. 
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As expected, fucose-migration fragments
26
 are not observed in negative mode 
CAD or negative mode EID.  
Also similar to positive mode EID, derivatization reactions and different tags have 
an effect in EID fragmentation. Negative mode EID of labeled glycans produces more 
fragments than that of unlabeled glycans and 9FL produces more fragments than 2AB or 
2AA labels, presumably because a more conjugated structure facilitates electronic 
excitation upon electron irradiation. 
Compared to positive ion mode EID, negative ion mode EID produces more 
cross-ring cleavages. While positive mode EID only generates 
1,5
X-type ions, negative 
mode EID generates a variety of A- and X-type cross-ring cleavages. Negative mode 
MS/MS is more valuable for isomer differentiation than positive mode. While positive 
mode CAD and EID only generated glycosidic fragments or 1,5X-type cross-ring 
cleavages which do not add value to isomer differentiation, negative mode CAD and EID 
yielded many useful cross-ring fragments that cleave at critical positions. 
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 Conclusions and Prospects for Future Work  Chapter 6
 
 
 Purpose of Dissertation 6.1
Glycans are attached to cell surfaces and also to many macromolecules (e.g., 
proteins and lipids), thus modulating and mediating cell-cell, cell-matrix, and cell-
molecule interactions.
1, 2
  Glycosylation is one of the most ubiquitious forms of post-
translational modification (PTM) and plays important roles in many key biological 
processes such as protein folding, self/nonself recognition, metastasis, cell adhesion, 
receptor activation, signal transmission, molecular trafficking and clearance.
2-4
  
Structures of glycan chains covalently attached to proteins are often significantly changed 
with onset of cancer and inflammation in various ways such as increased glycan 
branching, increased or decreased levels of glycosylation, elevated levels of sialic acids, 
or altered sulfonation.
5
  Although causes are not well understood, these cancer-related 
alterations are thought to affect growth, adhesion, differentiation, transformation, 
progression, metastasis, and immune surveillance of cancer cells.
4, 6, 7
  Therefore, detailed 
and correct structural information of glycans would facilitate further understanding of 
cellular functions as well as disease.  The work presented in this thesis was based on a 
collaborative effort with Prof. Simeone’s group in the University of Michigan Medical 
School.  They have recently identified pancreatic cancer stem cells on the basis of three 
glycoprotein surface markers; CD44, CD24, and epithelial-specific antigen (ESA) using a 





  The CD44+CD24+ESA+ subpopulation (0.2-0.8% of 
pancreatic cancer cells) showed 100-fold increased tumorigenic potential compared to 
“non-stem” cancer cells and showed stem cell properties such as self-renewal and 
differentiation.  An improved understanding of these cancer stem cells, particularly 
structural information of related glycans, can not only improve understanding of the 
disease but also provide a means of cancer early detection, or identification of cancer 
vaccine candidates.   
However, glycan structural complexity is much larger than that of proteins 
because of the nature and order of constituent monosaccharides, position of glycosidic 
linkages, degree of branching, stereochemistry, isomers, modifications (sulfonation, 
phosphorylation, acylation, etc), and conjugation to proteins and other biomolecules.  All 
these challenges make carbohydrates the least explored among three major classes of 
biomolecules (carbohydrates, proteins and nucleic acids).  As mentioned in Chapter 1, 












  Mass spectrometry (MS) is more sensitive than NMR 
spectroscopy and X-ray crystallography and more selective than chromatography,
15, 16
 so 
potentially it can be a very powerful tool for glycan structural characterization.  
Mass spectrometry generates structural information through tandem mass 
spectrometry (MS/MS) techniques via specific bond cleavages and unique fragmentation 
pathways. Glycosidic cleavages provide information about sequence and composition and 
can also be helpful for branching and linkage determination.  However, in order to 
elucidate more detailed structural information, A- and X- type cross-ring cleavages are 
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highly needed.  The most widely used MS/MS technique, collision activated dissociation 
(CAD), typically yields glycosidic cleavages and very few cross-ring cleavages.
17-21
  
Cross-ring cleavages are desired, e.g., for identification ofcarbohydrate isomers.  The first 
aim of this thesis was to develop and systematically characterize alternative MS/MS 
activation methods, including gas-phase ion-electron and ion-ion reactions for MS/MS-
based structural characterization of glycans. 
Fucose migration has been widely reported in positive ion mode MS/MS, leading 
to false structural information.
22-25
  This thesis also aims to investigate gas-phase fucose 
migration/rearrangement in carbohydrate MS/MS, to develop methods that avoid this 
phenomenon, and to study the migration mechanism in the gas phase. 
 Summary of Results 6.2
ECD and ETD can serve as alternative MS/MS techniques but both techniques 
require multiply charged precursor ions.  Chapter 2 demonstrated that divalent metal 
adduction can be an effective way to increase charge states.  Divalent metal-assisted ECD 
and ETD of multiply charged glycan cations generate extensive glycosidic and cross-ring 
cleavages, providing rich structural information.  Divalent metals not only increase 
charge states to enable ECD/ETD but also have a significant effect on fragmentation.  
Among the three metals investigated in this work, Ca formed metal-glycan complexes 
most readily, while Mg complexes generated superior ECD and ETD fragmentation. 
Divalent metal-assisted ECD and ETD were directly compared.  For magnesium 
adduction, extensive glycosidic and cross-ring cleavages, many of which are unique to 
either ECD or ETD of underivatized glycans compared with CAD of the same precursor 
ions, or with ETD of reduced and permethylated glycans, are generated in both ECD and 
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ETD.  However, the number of structurally informative fragments as well as the 
fragmentation efficiency is higher in ECD.  This discrepancy between ECD and ETD, 
likely related to the different pressures during these reactions, is even more significant for 
cobalt and calcium adduction.   
With specific salts, triply charged metal-glycan complexes were generated by ESI 
for the first time.  Chapter 3 demonstrated that triply charged precursor ions generate 
more structural information than doubly charged precursor ions.  Higher charge state 
facilitates ECD/ETD fragmentation.  With trivalent metal adduction, even doubly 
charged precursor ions [metal (III) + glycan – H]
2+
 resulted in distinctive ECD/ETD 
fragmentation behavior compared with divalent metal-adducted doubly charged precursor 
ions [metal (II) + glycan]
2+
.  Chapter 3 also further investigated the mechanism of metal-
assisted ECD/ETD.  Metals with higher ionization energy can release more energy during 
the electron capture or transfer process.  Thus, more energy is potentially available for the 
following excitation and fragmentation events.  Preliminary ion mobility experiments 
showed multiple drift times for triply-charged La-adducted NA2 and two major drift 
times for the corresponding doubly-charged species, whereas complexes with the divalent 
metals Ca, Co, and Mg mostly showed only one drift time.  These data corroborate the 
previous suggestions that both metal-electron recombination energy and gas-phase 
structures and structural diversity of metal complexes determine ECD/ETD outcome.    
In many cases, the most abundant ions observed in ESI-MS are singly charged.  
Therefore, MS/MS techniques compatible with singly charged precursor ions are of high 
interest to pursue.  In Chapter 4, positive ion mode electron induced dissociation (EID) 
was applied towards singly protonated glycans for structural characterization. EID 
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yielded complementary fragmentation patterns for glycans compared with CAD.  
1,5
X-
type cleavages were more common than other X-type product ions in EID, similar to 
high-energy CAD.  Such similarity suggests a similarity between the mechanism of EID 
and that of high-energy CAD.  Fucose-migration fragments were much less abundant in 
EID compared with CAD.  The mechanism of positive ion mode EID was also studied by 
derivatizing various standard glycans with different aromatic labels (2-amino benzamide 
(2AB), 2-anthranilic acid (2AA), and 9-aminofluorene (9FL)).  EID of tagged glycans 
produced more fragments than that of untagged glycans and 9FL labeling produced more 
fragments than 2-AB- or 2-AA-labeled glycans, presumably because a more conjugated 
structure facilitates electronic excitation. 
Many cancer related glycans contain sialic acids and such acidic glycans ionize 
more easily in negative ion mode.
32, 33
  In addition, negative ion MS/MS has advantages 
such as lack of fucose migration and generation of more cross-ring cleavages.  Chapter 5 
further extended EID to negative ion mode for glycan structural analysis.  A longer 
electron irradiation time and a slightly higher voltage are needed to obtain optimized EID 
conditions for singly deprotonated glycan anions.  As expected, fucose migration was not 
observed in neither negative mode CAD, nor negative mode EID.  Compared with 
positive ion mode EID, negative ion EID produced a higher variety of A- and X-type 
cross-ring cleavages, and provided a high level of valuable information regarding 
branching and linkage.  Similar to positive ion mode EID, aromatically tagged glycans 
produced more fragments than untagged glycans.  9FL induced superior EID 
fragmentation patterns among all three investigated tags (2AB, 2AA, and 9FL), 
presumably because 9FL has more aromatic rings than 2AB or 2AA.  Furthermore, in 
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negative ion mode, 2AA appears to result in improved EID fragmentation compared with 
2AB, probably because 2AA has a more acidic structure than 2AB which improves 
ionization. 
With all these novel MS/MS techniques, glycan isomers can be differentiated.  
Two isomer sets: (1) LNH and pLNH; (2) LSTa, LSTb, and LSTc were investigated in 
Chapters 2-5.  A combination of negative ion mode CAD, EID, and metal-assisted 
ECD/ETD is valuable for isomer differentiation by generating critical cleavages at the 
specific linkage sites.  
Overall, all chapters demonstrate that mass spectrometry is a powerful tool for 
structural characterization of glycans.  Ion-electron and ion-ion reactions provide 
complementary structural information compared with conventional MS/MS methods. 
 Prospects for Future Work 6.3
6.3.1 Fucose Migration in Carbohydrate MS/MS 
Franz and Lebrilla proposed two possible mechanisms for long-range fucose 
migration observed in their experiments: ion-dipole mechanism and proton-catalyzed 
mechanism.
25
  While both mechanisms are feasible, neither of them involves aromatic 
labels (2AB, 2AA, or 9FL).  Wuhrer and colleagues performed ion trap CAD of an N-
glycan released from worms in native form (with underivatized reducing end), observed 
migration peaks (m/z 658, 1347, 1493, 1714) and thus claimed that rearrangements 
observed for this N-glycan do not depend on reducing end derivatization.
22
  However, 
possible existence of isomers in their sample complicates this interpretation.  The 
mechanism of fucose migration or rearrangement is still under debate.  The data 
presented in Chapters 4 and 5 appear to suggest a relationship between aromatic 
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derivatization and migration phenomena.  EID of underivatized glycans did not yield 
migration peaks, while EID of 2AB-, 2AA- or 9FL-labeled glycans show fucose 
migration peaks.  Whether migration is due to mobile protons or reducing end 
derivatization is not understood.   
Furthermore, how to ensure that fucose migration does not occur in MS/MS of 
protonated precursor ions is still unclear.  Two possible directions are modification of 
analyte molecules and change of activation methods.  Permethylation is considered as an 
effective way to prevent rearrangements
22, 34, 35
 but this approach has not been completely 
verified.  Wuhrer et al. suggested a time-independent nature of migration phenomena, 
because they observed migration peaks in both ion trap (ms time scale) and MALDI-
TOF/TOF MS/MS (μs time scale).
22
  However, these two spectra did show differences in 
relative abundance of the migration peaks.  Further, it is possible that the time required 





 s time scale) effectively reduced fucose migration peaks compared with CAD.  
Future work may include experiments on permethylated species and exploration of more 
“prompt” dissociation methods, such as UVPD (less than 10
-16
 s). 
Since the Reilly group published their first paper on fragmentation of singly 
charged peptide ions by photodissociation at 157 nm,
36
 UVPD (including 157 nm 
UVPD) has been extended to glycan cations and glycopeptides, providing valuable 
structural information.
37-40
  However, this relatively new dissociation method has had 
limited application towards glycans and characterization of glycan anions or O-glycans 
have not been reported.  The first task would be implementation of this dissociation 
technique on our Apex Q-FT-ICR mass spectrometer.  This should be quite 
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straightforward because there is access to the ICR cell flange from the rear.  An ultrahigh 
vacuum compatible CaF2 window was recently installed at the rear cell flange to allow 
157 nm photons from an F2 excimer laser to interact with trapped ions.  Initial 
experiments will include laser alignment and determination of the required number of 
laser pulses for efficient UVPD and whether pre-activation of precursor ions (e.g, IR 
irradiation) is required.  Most peptide literature on UVPD involves MALDI rather than 
ESI.  MALDI produces hotter ions that may get excited to higher energy levels upon 
absorption of 157 nm photon (7.9 eV) and thus may yield more informative fragments.  
Further experiments include examination of factors that impact UVPD of glycans.  For 
peptides, research has already shown that both photodissociation wavelength and mass 
analyzer can have an effect.
41
   
6.3.2 8-Aminopyrene-1,3,6-Trisulfonate (APTS) Derivatization and Ion-Electron 
Reactions 
8-Aminopyrene-1,3,6-trisulfonate (APTS) is a recently developed fluorescent tag 
for derivatization of glycans.
42
  APTS has a more conjugated structure than 9FL, because 
APTS contains four aromatic rings (see Figure 6.1). APTS derivatization was 
successfully applied to LNDFH according to a literature protocol.
42
  To briefly 
summarize, dried oligosaccharides were mixed with 2 mL derivatization reagent (0.02 M 
APTS in 25% acetic acid), followed by  adding 10 mL H2O.  The mixed solution was 
incubated in a water bath at 75 °C for six hours.  Products were purified with a column 
made of Sephadex G-25 (Sigma).  Higher amounts of APTS and longer incubation time 




APTS-LNDFH (3-)               C54H71N2O37S3 1435.2898
LNDFH (neutral mass)      C38H65N1O29 999.3641 
APTS (3-)                            C16H8NO9S3         453.9361
 
Figure 6.1 Structure of APTS-labeled LNDFH.  Chemical reaction occurs between the 
amine group on APTS and the reducing end of the glycan.  Different from 9FL, 2AB, or 
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Figure 6.3 EID (5.5 s electron irradiation with a cathode bias voltage of 17.9 V) of triply 
deprotonated APTS-LNDFH at m/z 478. The spectrum shows EDD-type dissociation. 
 
APTS-labeled LNDFH did (as expected) not ionize well in positive ion mode due 
to the three sulfonate groups on APTS.  However in negative ion mode, triply charged 
anions (with three deprotonated sites) are the most abundant species (see Figure 6.2).  
Singly deprotonated species were not observed.  Electron irradiation at typical EID 
conditions showed electron detachment dissociation (EDD) type dissociation as shown in 
Figure 6.3.  In order to further study the mechanism of EID, proton transfer reaction 
(PTR) is one approach that can be implemented to generate abundant singly deprotonated 




6.3.3 Nano-Scale Liquid Chromatography 
Complete separation of glycans and glycopeptides is still challenging due to their 
structural complexity and various isomers.  LC/MS, the combination of liquid 
chromatography and mass spectrometry, is widely used for glycan separation, detection 
and further analysis.  Although glycans are hydrophilic in nature, derivatization methods, 
including permethylation and fluorescent labeling, can be utilized to allow informative-
rich analysis and sensitive detection (as low as femtomol).
43
  When nano-scale LC is 
coupled with nanoESI, LC/MS can be an even more powerful tool, operating at nL/min 
flow rates, thus requiring very low sample amounts.  Targeted cells such as 
CD24+CD44+ESA+ only constitute 0.2-0.8% of sorted cancer cells from a xenograft 
tumor, so nano-scale LC is required to allow detailed analysis of 30,000 sorted cells.  
Hydrophilic interaction liquid chromatography (HILIC)
44-46
 and graphitized 
carbon chromatography
47, 48
 of native glycans have begun to emerge for glycan analysis.  
Previous work in our group showed particularly promising results utilizing graphitized 
carbon chromatography for separating glycan isomers.  Therefore, future work includes 
further investigation of nano-scale graphitized carbon chromatography.  A pre-column 
(Thermo HYPER CARB, 50 mm * 0.075 mm, 5 um) and an analytical column (Thermo 
HYPER CARB, 100 mm * 0.075 mm, 5 um) have been purchased and set up.  Both on-
line and off-line nano-LC-FT-ICR MS (and MS/MS) will be optimized to facilitate 
highly sensitive detection and analysis.  With the SolariX FT-ICR instrument, many 
possibly required fragmentation techniques (CAD, EID, ECD, ETD, and EDD) will be 
available for structural characterization (see Scheme 6.1 for N-glycan analysis). 
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Glycoproteins with N-linked glycans
N-linked glycans
N-glycan profiling
N-linked glycan structural characterization
Glycan release and desalting
Online LC-MS
MS/MS 
(i.e., ECD, ETD, EID)
CAD, EID
 
Scheme 6.1 Workflow of LC- and MS-based techniques for structural characterization of 
N-glycans. 
 
Such LC-FT-ICR MS/MS (gas-phase ion-electron and ion-photon reactions) 
strategies can be further applied towards pancreatic cancer cell surfaces with the goal of 
identifying cancer vaccine candidates.  Pancreatic cancer is a highly lethal disease 
because it is usually diagnosed at an advanced stage.
49
   
Initial experiments will be conducted first with glycans from unsorted pancreatic 
cancer cells to investigate whether sufficient sensitivity can be achieved for sorted 
pancreatic cancer stem cells, which were recently identified as CD24+CD44+ESA+ by 
our collaborator Dr. Simeone at the University of Michigan Medical School.
8
  Cell 
membrane fractions will be used to obtain surface glycans from the cells of interest 
according to a protocol reported by the Kakehi group.
50
  N-glycans will be released 
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enzymatically with PNGaseF and O-glycans will be released chemically by β-elimination 
in alkaline borohydride.  Each fraction will be analyzed by nano-LC-FT-ICR MS/MS.  
To obtain pancreatic cancer stem cells, pancreatic cancer cells will be sorted by flow 
cytometry by the Simeone group.
8
 
In order to identify vaccine candidates, glycans on the surface of pancreatic 
cancer stem cells but not on the surface of pancreatic cancer cells are of particular 
interest.  Therefore, LC/MS can be performed first to profile the different fractions, then 
more detailed structural characterization techniques will be conducted of glycans 
showing an abundance difference in LC/MS. 
6.3.4 Glycoinformatics 
Glycoinformatics is a relatively new field of bioinformatics and has already 
showed indispensable importance in the study of carbohydrates.
51-53
  It broadly includes 
database, software, and algorithm development for research on carbohydrate structures, 
glycoconjugates, enzymatic carbohydrate synthesis and degradation, as well as 
carbohydrate interactions.
51, 54
 High-throughput and automated techniques (mass 
spectrometry in particular) allow increasingly detailed structural analysis of complex 
glycans. Information concerning the primary structure (composition, sequence and 
linkages) can be derived from sufficient and informative fragments from various MS/MS 
techniques. Current available tools are not sufficient for rapid and detailed 
characterization.  For example, GlycoWorkbench, an analytical tool used in this 
dissertation, is designed to semi-automatically annotate glycomics data.  This tool can be 
used to annotate mass spectrometry (MS) and CAD MS/MS spectra of free 





  Unique fragmentation patterns and complementary fragments (cross-
ring cleavages in particular) from ion-electron and ion-ion reactions investigated in this 
dissertation will further develop such bioinformatics tools. A possible strategy will be a 
brief searching of glycosidic cleavages to obtain a brief idea of the sequence and 
composition, followed by more detailed interpretation of cross-ring cleavages. 
Sophisticated modeling and algorithm are needed after the first step, which is 
interpretation of glycosidic cleavages, to suggest some possible structures before more 
detailed interpretation of cross-ring cleavages.  
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